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PREFACE 


During the last few years the chemistry of the high polymers has passed 
through an important phase of development and has become an inde- 
pendent, rapidly expanding branch of chemical science. Its increasing 
technical importance and the close relation to the biological sciences justi- 
fies a comprehensive treatment of the whole sphere of high polymer 
chemistry. 

Ten years ago interest centered in the structural principle governing the 
high polymers, the forces of cohesion of the large molecules and the paths 
leading from the chemistry of the low molecular substances to the high 
polymers. Today these fundamentals may be regarded as solved in 
essentials and the research worker in this field is occupied with other 
questions. 

What physical and chemical methods have proved necessary and effec- 
tive in the preparation, purification, examination and elucidation of the 
high polymers? In what manner and under which conditions can the 
fundamental laws of physical chemistry be applied to the high polymers? 

While for a long time individual workers in this field favored a given 
method of investigation and tended to stress the importance of their 
results, it is now essential to apply all the available methods simulta- 
neously, and to attach particular weight to results which confirm and are 
complementary to one another. While previously in the field of high 
polymers it was possible to be satisfied with a few, more or less empirical 
relationships and rules, it appears necessary and possible today to visualize 
the extension of many of the more exact laws of physical chemistry — vapor 
pressure, osmosis, viscosity, diffusion, kinetics of reaction, etc. — and thus 
to incorporate the chemistry of the high polymers securely in the funda- 
mentals of our science. 

Apart, however, from these theoretical considerations, the rapidly in- 
creasing mass of data demands a comprehensive, systematic description 
of the substances available and studied. In this, emphasis mainly falls 
on the material properties of the individual representatives and on their 
mutual relationships. It is hardly possible at present to discuss funda- 
mental questions of structure but the time has arrived to present the rela- 
tion between structure and properties in all its details. Material facts 
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PREFACE 


which can almost be termed excessive need to be sifted and arranged 
systematically. 

In this volume (the second of the series) an attempt has been made to 
treat the first category of problems discussed above and to take the reader 
shortly through those parts of general and physical chemistry particularly 
necessary to a study of the high polymers. 

This book was started and essentially completed when the writer was 
professor of Chemistry at the University of Vienna. During this time he 
enjoyed the valuable help of Professor K. H. Meyer and Dr. A. J. A. 
van der Wyk, of the University of Geneva and of Dr. E. Broda in Vienna. 
He wishes to express his sincerest thanks for their kind and suggestive 
assistance. Most of the proofreading and several additions were carried 
out while the writer was Manager of Research for the Canadian Interna- 
tional Paper Company in Hawkesbury, Ontario. It is a very pleasant 
duty for the author to express in connection herewith his sincerest gratitude 
to Dr. C. B. Thorne, Technical Director and Mr. S. Wang, Manager of 
Laboratories of the Canadian International Paper Company. The 
translation jvas revised by Dr. J. Edmund Woods of Queens College, 
Queens, New York, to whom the writer is much indebted for a series of 
very helpful suggestions for improvement. 

H. Mark. 

New York, N. Y, 

October, 1940. 



A. THE GEOMETRY OF MOLECULES 


Continued experience has shown that, in general, the smallest chemically 
active units of matter — atoms and ions — are not identical with those 
particles called molecules which we regard as the limit to which homogene- 
ous matter may be reduced by mechanical subdivision or other physical 
means. It is characteristic of compound molecules that they contain a 
definite number of the constituent atoms and can be represented by 
empirical formulas such as 

AxByCg • • • ( 1 ) 

The nature of A, B, C, etc., as well as the relative values of x, y, etc., 
are determined by chemical analysis, while molecular weight determina- 
tions yield the absolute values of these subscripts. 

Such a compound as (1) has a definite range of stability toward external 
parameters — pressure, temperature, fields of force, etc. — within which it 
can be investigated. Over and above the purely numerical values of a:, 2 /, 
however, each kind of molecule has a characteristic and definite arrange- 
ment of the atoms constituting it; in small molecules, sucli as NaCl, CH4, 
PCI3 — apart from vibrations of the individual atoms which are trivial 
geometrically although highly important dynamically — the arrangement is 
obvious and is given by the coordinates of all atomic centers of mass 
relative to one of them, chosen as the origin. With larger molecules and 
especially, with organic molecules, there are, in addition to the atomic 
vibrations just mentioned, still other internal motions such as rotations, 
vibrations of entire radicals, etc., which indicate that the molecule can 
no longer be considered as having a fixed arrangement which is the same 
in each state of aggregation. Very frequently, however, even in such 
cases, a quite definite configuration of atoms prevails — at least, in the 
crystalline state constituting a nuclear frame-work. We shall, therefore, 
turn our attention first to this state and describe methods for the measure- 
ment of crystal properties which have made very important progress 
during recent years. 

Several methods are available for establishing the nuclear framework 
of a rigid molecule, i.e. for determining the interatomic distances and the 
angle between connecting links — the so-called valence angle. In general 
there is satisfactory and remarkable agreement between the values ob- 
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tained by very different means. Where discrepancies occur they generally 
mean that the different experimental techniques do not measure exactly 
the same magnitudes. Thus the different methods control and supple- 
ment one another in a very effective way. 

The following methods are particularly important: 

a) Investigation of molecules by interferometry, using x-rays or cathode 
rays. 

b) Measurement of the permanent dipoles and polarizability. 

c) Observation of the Kerr effect and of the degree of depolarization. 

d) Measurement and evaluation of frequencies in the infra-red, band 
and Raman spectra. 

In presenting this review, the individual methods will first be discussed 
with special emphasis on their range of application, subsequently passing 
on to a consideration of the results furnished by them (particularly in the 
domain of large molecules). 

1. Structure Determination with X- and Cathode Rays 

It is usual, except in special cases, to work with x-rays of 0.5 to about 
3.0 A wave lengths or with cathode rays of 10^ to 10^ volts. The latter 
coincide, according to the de Broglie relation, with a wave length range 
of about 0.4 to 0.04 A. The molecules under investigation may be in the 
free state (gas or solution) or in the form of a homogenous condensed 
phase (liquid, crystal, mixed crystal). 

The historical development of the experimental procedures began with 
the examination of molecules in the crystalline state, principally with 
the aid of x-rays. Here the early work following Max von Laue^s funda- 
mental discovery^ should be cited, particularly that of W. H. and W. L. 
Bragg^ and of P. Debye and P. Scherrer,^ while in subsequent years and 
up to the present day a great number of eminent research workers have 
contributed to this field. After the proof by Davisson and Germer^ and 
by G. P. Thomson® of the wave nature of electrons in rapid motion, this 
technique was also applied to the study of molecular structure in the 
crystalline state.® 

^ W. Friedrich, P. Knipping and M. v. Laue, Sitz. her. bayer. Akad. Wiss., 6, 
303 (1912). 

2 W. H. and W. L. Bragg, Nature^ 90, 410 (1912). 

® P. Debye and P. Scherrer, Physik. Z., 17, 277 (1916); A. W. Hull, Phys. Rev.^ 
10, 661 (1917). 

* I. Davisson and L. H. Germer, Phys. Rev., 30, 772 (1927). 

* G. P. Thomson, Proc. Roy. Soc. London, (A) 117 , 600 (1928). 

® See e.g. B. G. J. Finch and H. Wieman, Ergeh. exakt. Naturw., 16, 363 (1937) 
and especially G. P. Thomson, Electronic Diffraction, London 1939. 
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In contrast, investigation of the gaseous state had been undertaken 
about ten years previously by Debye^ and his co-workers with the aid of 
x-rays, and by Mark and Wierl® with electrons. Later, the method was 
used by other workers and it furnished very valuable experimental data.® 

It will be useful to review very briefly the most important features of 
the different investigation methods employing x- and electron-rays. 

a) M, V, Laue^s Method 

Penetration of a single stationary crystal by parallel polychromatic 
(i.e. “white^O x-rays led to the discovery of x-ray interference by Friedrich, 
Knipping and v. Laiie^® in 1912; it gave the well known symmetrical, sharp 
point diagram which certainly constitutes one of the most beautiful experi- 
mental effects of modern physics. Its use for the purpose of determining 
molecular structure in the solid state is, however, comparatively difficult 
and ambiguous; for on working with ‘Vhite’^ x-rays, nearly all the network 
planes are simultaneously reflecting in accordance with the Bragg equation 
(see below). The Laue method is therefore applicable by itself only in 
especially simple cases (graphite, diamond, NaCl, CaCOa). Nevertheless, 
the Laue method, in combination with others to be discussed, has some- 
times proved particularly useful when the intensities of reflection from 
lattice planes of very high index were to be measured and reliance placed 
upon the precise determination of atomic coordinates. Further, it has 
been possible to deduce from the cleavage of the interference points — the 
so-called asterisms — very important conclusions on the occurrence of 
lattice distortions and mosaic structure.^^ Similarly, Laue diagrams prove 
particularly suitable for gaining an initial insight into the symmetry rela- 
tionships of a given crystal (see Table 1). It may be added that with 
modern x-ray tubes and good fluorescent screens, the Laue points can be 
observed directly on the fluorescent screen without difficulty ; this glimpse 
is particularly impressive when, on the slightest movement of the irradiated 
crystal, bright points suddenly disappear and new interferences flash up 

7 P. Debye, Ann. Physik, 46 , 809 (1916); P. Debye and P. Scherrer, Physik. Z., 
19 , 474 (1918). 

* H. Mark and R. Wierl, Naturwiss., 18 , 205 (1930). 

® See e.g. the bibliography by J. T. Randall, X~ray and Electron Diffraction, p. 101, 
London 1934, and the recent publications of L. Pauling and his collaborators cited 
under 22 and 23. 

^®W. Friedrich, P. Knipping and M. v. Laue, Sitz. ber. bayer. Akad. Wise., 6 , 
303 (1912) and for historical development also Naturwiss., 20, 527 (1932) and Current 
Science; Special Number on **Laue Diagrams’^; January 1937. 

” F. Halla and H. Mark, Rbntgenographische Untersuchung von Kristallen. 
Leipzig 1937, p. 203 ei seq. 
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METHOD OF W. H. AND W. L. BRAGG 6 

on other places. It is also possible to identify the interference spots from 
the relation 

X • = — 
e-7 

by their disappearance when the tube potential falls below a certain value. 
(V = tube potential in absolute units, h — Planck^s constant, c = velocity 
of light, e = electrical unit charge.) 

h) The Method of W. H. and W. L. Bragg 

If an attempt is made to reflect approximately parallel and mono- 
chromatic x-rays from a plane surface of any single crystal, it will be found 
that, contrary to the phenomenon of normal reflection from a mirror, no 
appreciable intensity of reflected radiation is obtained unless the condition 
expressed by Bragg^s law of reflection is rigorously fulfilled. This condi- 
tion is determined by the spatial arrangement of the system. Bragg^s law 
states that a strong reinforcement of the incident ray occurs only if 

n«X = 2 d sin <p (2) 

where X is the wave length of the impinging radiation, d is the distance 
between the adjacent lattice planes involved in the reflection and ip is 
the angle between the incident rays and the reflecting planes; n is an 
integer, usually small, which denotes the order of the reflection. It is 
not known from a single observation but is revealed by comparing several 
reflections obtained at different glancing angles, one of which will give a 
value of n = 1 . Inasmuch as the ordinary law of reflection. 

Angle of incidence = angle of reflection 

applies in this case in addition to Bragg’s law, the angle 6 between the 
reflected rays and the incident rays prolonged is equal to 2 (p. This angle 6 
is known as the angle of deviation; ip is called the glancing angle ^ although 
this designation has not quite the same meaning as is ordinarily attached 
to the term. 

The Bragg experiment is also very impressive when performed with a 
fluorescent screen,^^ jf crystalline plate of NaCl, sugar, calcite, etc. is 
placed at any desired angle in a parallel, monochromatic x-ray beam, 
no reflection can be detected on a fluorescent screen placed on the side 
remote from the x-ray tube. If, however, the crystal is rotated slowly in 
the beam and the screen is observed, a spot of light suddenly appears upon 

Compare W. H. and W. L. Bragg, X-^rays and Crystal Structure] 4th edition; 
London 1924 and Crystalline State, London 1934. 
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the screen whenever the surface of the crystal makes a particular angle with 
the incident beam. This is due to reinforcement through interference. 
The spot disappears just as rapidly when the crystal is turned a little 
further. Reflection of the x-ray beam occurs only if the angle of incidence 
<p has exactly the value given by equation (2). In the present case this 
condition is necessarily fulfilled if X and d remain constant and ip is con- 
tinually changed by rotating the crystal until it reaches the critical value 
required by (2) (reflection position). 

This method allows of measurements of one of the magnitudes character- 
istic of the given lattice plane, namely d, the distance between the planes, 
and has proved very useful in investigating simple crystals, particularly 
in the earlier stages of structure elucidation. In more complicated crystals, 
especially in organic crystals, it is usually necessary to combine this tech- 
nique with others to obtain reliable evidence (see Table 1). 

c) The Method of Debye-Scherrer and Hull 

Continual variation of the angle of incidence p and the corresponding 
satisfaction of condition (2) may be attained in a different way.^^ If, 
instead of a single crystal, a powder consisting of very many small crystals 
is placed in the path of an x-ray beam, it will happen in general that, 
because of the random orientation of the little crystals, a characteristic 
lattice plane will always be available for any incident angle whatsoever; 
a multiplicity of <p values is furnished in this case by the proximity of many 
tiny particles. 

By reason of the random arrangement of the small crystals, reflection 
occurs at every suitably placed plane in the crystalline mass and a band of 
interference lines is obtained simultaneously, each belonging to a particular 
lattice plane. This makes it possible, as in the earlier methods, to deter- 
mine experimentally the lattice distance between these planes. The 
diffraction patterns appear as concentric circles on a flat photographic 
plate, and as more complicated curves on the cylindrical film usually em- 
ployed. Such ^^powder^’ or “Debye-Scherrer-Hull-diagfmms^^ can also easily 
be observed directly in the fluorescent screen. They are important when- 
ever it is impossible to grow sufficiently large single crystals of the material 
under investigation, e.g. in metallography and in colloid chemistry. 

It may be added that the Laue-diagram affords the third possibility. 

It may be mentioned that G. D, Preston, Nature 142, 569 (1938), has recently 
discovered x-ray reflections of a different type, which are due to the interaction of 
the x-rays with the heat waVes, which travel through the lattice in all directions. 

P. Debye and P. Scherrer, Physik. Z.y 18 , 291 (1917); A. W. Hull, Phys, Rev.y 
10 , 661 (1917). 
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and one that is easily realizable experimentally, of fulfilling the Bragg 
condition, i.e. by keeping d and (p constant and using an x-ray beam 
comprising a continuous distribution of wave lengths. Accordingly, with 
the aid of the variables in equation (2) the three methods thus far described 
afford a means of determining one of the characteristic parameters of a 
lattice plane, namely, the inter-planar distance. It has been mentioned 
previously that this can lead to complete elucidation of the structure of 
simple crystals but in complicated cases it is necessary to know also the 
position in space of any lattice plane; this knowledge can be gained by 
one of the following methods. 

d) The General Crystal Rotation Method of Polanyi^ 

Schiebold and Weissenbei'g 

This method represents an extension of the Bragg procedure in so far 
as it serves to record photographically, not only the reflections from one 
or more lattice planes lying parallel to the axis of rotation, but also the 
reflections from as many other planes as possible, which are oblique to 
the axis of rotation. This is accomplished by surrounding the specimen 
with a cylindrical strip of film. In such a way it is possible to establish a 
second parameter of the reflecting planes. This is best achieved by using 
the so called layer-line relation first derived by Polanyi,^^ which states 
that on such rotary diagrams the individual reflections arrange themselves 
in parallel ^flayer lines^’ and the reciprocals of the distances separating 
them furnish directly the period of identity for the axis of rotation. This 
period of identity denotes the distance in a given direction around the 
lattice from one lattice point to the next identical one. The separation 
of the layer lines is connected with the identity period I by the expression 

/ - (3) 

stn fx 

in which p, is the angle between the equator of the diagram and the layer 
line concerned (as seen from the specimen) X the wave-length and n the 
series of the layer line. 

The use of such layer line diagrams has frequently proved highly 
useful in determining complicated structures. 

With regard to reflection from planes which are not parallel to the axis 
of rotation, there is an important effect observable on irradiating a dis- 
oriented crystal powder. If, for example, the small crystals in the irradi- 

M. Polanyi, Naturwiss., 9, 337 (1921); Z. Physik, 7, 149 (1921); H. Mark and 
K. Weissenberg, Z. Physik, 16, 1 (1923); 17, 301 (1923). 



8 


THE GEOMETRY OF MOLECULES 


ated preparation are not oriented in a completely random manner but, 
instead, certain positions in space are favored, the interference rings 
mentioned above are replaced by striated and segmented patterns which 
throw light upon the predominant arrangement in the preparation. Since 
such patterns were first observed by Herzog and Jancke,^® and by Scherrer^® 
in ramie fibres, they have been named fibre diagrams by Polanyi,^^ 
who first explained their origin. They have played an important part in 
the elucidation of the structure of high polymers and will be discussed in 
greater detail in another volume of this series. 

e) The X-Ray Goniometers of Bohm^ Dawson, Sauter, 

Schiehold and Weissenberg 

Three independent parameters are required for characterizing a lattice 
in space (e.g. the interplanar distance and two angles in space) ; therefore 
the need has arisen in course of time and in the face of increasingly difficult 
problems to obtain three mutually independent sets of experimental data 
for every lattice plane in order to deduce the three indices from them by 
the aid of easily derivable equations. The so-called x-ray goniometers 
serve this purpose. The desired effect is achieved by moving both the 
crystal and the recording film. The motion of the film and its relation to 
the reflection position of the crystal fixes just the degree of freedom lacking 
for the positive identification of a lattice plane. According to the nature 
of the problem, the choice of goniometers lies between the various instru- 
ments designed for this purpose by different investigators, e.g. Dawson, 
Bohm-Weissenberg and Schiebold-Sauter. 

/) Evaluation of the Diagrams 

By ordinary use of the above described methods, it is nearly always 
possible to work out experimentally a long list of lattice plane distances 
and reflection intensities which form the basis for further evaluation of 
the diagrams. This list contains implicit data of particular interest to 
the chemist — atomic distances, valence angles, etc. — but the information 
is not in a form which is directly usable. Instead, the data must be 
converted by a more or less complex calculation, which is more trustworthy 
the greater the number of lattice planes listed and the more accurately 
the interplanar distances and, especially, the intensities have been 
measured. 

See, for example, R. O. Herzog and W. Jancke, Z. physik, Chem,, (A) 139 , 
236 (1920). 

P. Scherrer, Gdttinger Nachr., 1918 , 98. 

M. Polanyi, Naturwiss,^ 9, 288 (1921). 



INTERFEROMETRIC MEASUREMENT OF MOLECULES 


9 


It would lead too far to go into the nature of such a calculation here 
but it may be said that the treatment is partly geometrical and partly 
physical. 

In the first, geometrical part, the crystal system, the crystal class^ the 
translation group and the space group of the crystal under investigation 
are determined by systematic application of crystal structure theory in 
conjunction with tables. In addition the volume of the elementary cellj 
i.e. the smallest unit from which the whole crystal can be built up merely 
by parallel displacement, is established by calculation of its axes and angles. 

In the second part the values just obtained are used in locating the 
centers of mass of the constituent atoms. In this second stage the intensi- 
ties of the observed reinforcements are analyzed harmonically on the basis 
of certain well founded assumptions as to the scattering power of individual 
atoms. Usually this is possible in complicated molecules only by the use 
of successive approximations; obviously, by continued refinement of the 
calculation a false assumption can be corrected and an accurate one built 
up (stepwise) to almost complete certainty (method of trial and error). 

If, finally, the spatial arrangement of all atoms in the elementary cell is 
known, the intra-molecular distances and the angle between the directions 
of valence are established. 

Information on performing the calculations and the special precautions 
to be observed may be obtained from the fairly numerous appropriate text 
and handbooks; Table 1 summarizes the individual methods and their 
applicability. More detailed advice can be found in the comprehensive 
books of W. H. and W. L. Bragg and in the well known monographs of 
R. W. G. Wyckoff and G. L. Clark.'® 

g) Interferometric Measurement of Molecules in 
the Gaseous State 

The interference pattern of a crystal arises from myriad (about 10^®) 
atoms or ions arranged regularly in space, and in it are mirrored the 
numerous distances which separate the crystallographically equivalent 
points in a crystal from one another. In gases, on the other hand, according 
to Debye and Ehrenfest,^® only the few intra-molecular distances are 
responsible in the interference pattern, because the distances between 
separate molecules have no fixed values. This gain in simplicity is of 

W. H. and W. L. Bragg, X-rays and Crystal Structure^ London 1924 and 1934; 
R. W. G. Wyckoff, The Structure of Crystals^ 2nd ed., New York 1931, Suppl. 1935; 
G. L. Clark, Applied X-rays^ New York 1940. 

P. Debye, Ann. Physik^ 46, 809 (1915); P. Ehrenfest, Proc. Amst. Acad.f 28, 
1132 (1915). 
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course at the expense of loss in sharpness of the diagrams, because the 
number of the particles giving rise to interference is incomparably smaller. 

Debye^® has developed a theory for evaluating gas exposures which, 
for given atomic coordinates, represents the intensity of the scattered beam 
as a function of the angle of diffraction. It is obviously not possible in 
general to deduce a definite molecular model from one experimental dia- 
gram without further assumptions (harmonic analysis). Frequently the 
evaluation of the diffraction pattern must be based on a tentatively 
assumed plausible model, the interferences given by it calculated and th(' 
model compared with the diagram actually obtained. 

The evaluation is particularly simple and clear if in the conjectural 
molecular model only a single effective (independent) distance connects 
the different atoms. This is the case, for example, in GCb where, according 
to well founded assumptions of structural organic chemistry, the C-atom 
lies at the central point and the Cl-atoms at the apices of a regular tetra- 
hedron. Here and in other similar instances the intensity distribution 
admits of a definite conclusion regarding the atomic distances and the 
angle between the individual valences. 

Interferometric investigation of gases with x-rays is difficult experi- 
mentally because the intensity of the scattered radiation is small and 
relatively long exposure periods are accordingly required. This led to the 
use first by Mark and WierP^ of cathode rays of medium velocity which 
give very useful diagrams in a few seconds due to the greater reciprocal 
action between electrons and matter; evaluation of these has to be done 
by a somewhat different and not so completely reliable formula from that 
used for x-rays. Later very accurate experiments on numerous simple 
molecules in the gaseous state have been performed with cathode rays 
by L. Pauling and his collaborators,^^ which have afforded useful confirma- 
tion of results on crystals obtained with x-rays. Recently P. Debye, Jr. has 
introduced an important experimental improvement of cathode-ray pat- 
terns from gases by applying a rotating sector in front of the photographic 
film, which reduces the continuous background and makes the patterns 
liable for a photoregistration. 

20 See, for example J. T. Randall, The diffraction of x-rays and electrons, London 
1934, p. 62; G. P. Thomson, Electronic Diffraction, London 1939. 

21 H. Mark and R. Wierl, Naturwiss., 18 , 206 (1930). 

22 E.g. L. Pauling, H. D. Springhall and K. J. Palmer, J. Am. Chern. Soc., 61 , 
927 (1939); furthermore T. Y. Beach and D. P. Stevenson, J. Am. Chem. Soc., 61 , 
2643 (1939) ; D. P. Stevenson and H. O. Burnham, J. Am. Chem. Soc., 61 , 2922 (1939); 
D. P. Thomson and V. Schomaker, J. Am. Chem. Soc., 61 , 3173 (1939). 
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h) Presentation and Discussion of the Principal Results 

The results of interferometric determination of molecular structures 
present themselves in different ways and can be evaluated vscientifically 
along different lines. 

It may be convenient to take first the most general result and report it 
numerically. This is that, in the molecules of organic substances at any 
rate, there is for any given chemical primary valence a definite distance 
between the atoms linked by this valence and this is true quite inde- 
pendently of any substituents carried by the two combined atoms. As a 
first approximation— as quantum mechanics shows -the homopolar binding 
forces between two given atoms are determined essentially by their 
charge clouds and by the power of mutual interchange of portions of these 
charge clouds. The interatomic distances corresponding to the linkage 
are known today in great number and with remarkable accuracy. De- 
tailed tabk's are to be found in appropriate^ monographs, in Landolt and 
Bornstein's and the International Critical Tables'^'* and in several com- 
prehensive articles in this field.-® 

We will first present the numerical data for some important organic 
linkages (Table 2). In order to confirm their reliability, values are 
occasionally added which have ))een obtained by methods other than the 
interferometer method. The possibilities of application of these methods 
will be discussed in detail in the next section. The figures of Table 2 
extend back to 1930; some more recent values are given in Table 3. 

By reason of this general constancy of tlu' primary valence bonds, quite 
sharp limitations are placed upon the basic assumptions of stereochemistry 
which are fully confirmed by modern research. These limitations restrict 
the possibility of synthesizing organic molecules and exclude many of 
those formulae previously used for purposes of convenience in designing 
structural formulae on paper. Our present knowledge authorizes and 
compels us to recognize and apply the constancy of the valence distances 
as an experimentally well-founded law in proposing any structural formula. 
It will be shown later by a few example^ how important the consistent 
employment of this important principle has become in individual cases. 

23 E.g. by H. A. Stuart, Molekulstrukhir , Berlin 1934; H. Sponer, Molekulspekiren^ 
Berlin 1936; Tabellenband; L. Pauling and L. O. Brockway, J. Am. Chem. Soc.y 67, 
2684 (1935); further, D. C. Carpenter and L. O. Brockway, J. Am. Chem. Soc., 68, 
1270 (1936); L. Pauling and D. C. Carpenter, J. Am. Chem. Soc., 68, 1274 (1936); 
J. M. Robertson, Chem. Rev.y 16, 417 (1935). 

24 Landolt and Bornstein, Phys.-chem. Tab.y 3. Erg.-Bd., l.Teil, p. 104 et seq.; 
International Critical Tables; Vol. I, p. 338; Vol. V, p. 409. 

25 E.g. H. Mark dnd F. Schossberger, Ergeb. exakt. Naturw.y 16, 183 (1937). 
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In a second approximation we must, of course, expect exceptions to 
the law of constant valence distances, particularly if two united atoms 
carry substituents which on their part have special requirements with 
regard to charge shell. A review of the available experimental material 
actually shows that one and the same linkage in different molecules can 
under certain conditions exhibit values which differ from one another to 
a degree beyond the experimental error. An example of this shown by 
the figure on page 14 where the difference in the values obtained experi- 
mentally are certainly well outside the experimental error; some experi- 


TABLE 2 

A Few Important Atomic Distances in Organic Molecules. Earlier Data 


Linkage 

Substance 

Distance 
in A 

Method used 

Year of 
determina- 
tion 

C— C, aliph. 

Ethane 

1.56 

Band spectrum 

1932 


Cyclohexane 

1.53 

Electron diffraction 

1930 

C— C, arom. 

Benzene, liquid 

1.36 

X-ray diffraction 

1931 


Benzene, vapor 

1.39 

Electron diffraction 

1931 

C=C 

Ethylene 

1.30 

Band spectrum 

1932 

C^C 

Acetylene 

1.19 

Band spectrum 

1932 

C— H 

Methane 

1 08 

Band spectrum 

1932 


Ethylene 

1.04 

Infra red spectrum 

1934 

C— F 

Methyl fluoride 

1.43 

Ultra violet spectrum 

1934 

C~C1 

Methyl chloride 

1.86 

X-ray diffraction 

1931 

C— Br 

CBr4 

1.93 

11 

1937 

C— I 

CI 4 

2.12 

tt 

1937 

C— 0 

Methyl alcohol • 

1.46 

Infra red spectrum 

1933 

C=0 

Formaldehyde 

1.19 

Ultra violet spectrum 

1934 

C— N 

HCN 

1.15—1.17 

Band spectrum 

1932 

C=N 

Cyanogen 

1.18 

Electron diffraction 

1932 

H— 0 

Water vapor 

1.02 

Band spectrum 

1934 

H— N 

Ammonia 

1.02—1.06 

Ultra violet spectrum 

1934 


mental material on this point is given in Table 4; it may, of course, be 
still too scanty to permit of final quantitative conclusions regarding the 
influence of substituents on valence distances. In spite of this, it must be 
emphasized that an extremely interesting way is opened for studying 
experimentally the mutual influence of substituents in the central atom 
on the nature and strength of a bond, since it is a general rule — particularly 
in keeping with wave mechanical conceptions — that atomic distance and 
bond strength are closely related to one another. * 

The recent experimental results of the influence of substituents on the 
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carbon-carbon bond is summarized in Figure 1. Lennard-Jones^® has 
emphasized the fact that although the single, double and triple bonds are 
outstanding types of linkage, intermediate cases have to be admitted. 
In such cases the actual bond possesses to a certain extent the characteris- 
tics of single and double bonds and its atomic distance as well as its energy 


TABLE 3 

Some Recent Values on Atomic Distances in Organic Molecules 


Linkage 

Substance 

Distance 
in A 

Reference 

C— C aliph. 

Nonacosane 

1.553 

A. Muller, Proc. Roy. Soc.y London^ 
120A, 437 (1928) 

C — C arom. 

Hexamethyl- 

benzene 

1.42 

K. Lonsdale, Proc. Roy. Soc., Lon- 
don, 133A, 536 (1931) 

C— C aliph.- 
arom. 

Hexamethyl- 

benzene 

1.48 

it 

C=C 

Benzoquinone 

1.32 

J. M. Robertson, Chem. Rev.j 16, 417 
(1935) 

C-N 

Cyanurtriazide 

1.38 

J. E. Knaggs, Nature^ 136, 268 (1935) 

C=N (ring) 

(( 

1.31 

t( 

N==N 

it 

1.26 

cf. L. Pauling and J. H. Sturdivant, 
Proc. Nat. Ac. Sc. U. S., 23, 615 
(1937) 

N=N 

i i 

1.11 

a 

C-0 

Oxalic acid dihy- 
drate 

1.25 

W. H. Zachariasen, Z. Krist., 89, 442 
(1934) 

c=o 

Urea 

1.25 

R. W. G. Wyckoff, Z. Krist, 81, 102 
. (1932) 


behavior lie between those of the two pure types. Lennard- Jones has 
introduced the idea of “order of a bond’’ as a means of denoting its position 
between the single, double and triple linkages. In Figure 1 the distances 

J. E. Lennard- Jones, Trans. Faraday Soc.f 36, 811 (1939). See also L. Pauling, 
The Nature of the Chemical Bond^ Ithaca 1940. 
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between two carbon atoms are plotted as ordinates against the order of 
the bond as abscissae. One sees that the distance of 1.55 A is character- 
istic of the pure single bond, 1.34 A of the pure double bond and 1.19 A 
of the pure triple bond. The}^ correspond to the actual distances in 
ethane, ethylene and acetylene, respectively. If such bonds existed alone 
in nature, the representation of all organic compounds would be accumu- 
lated along the ordinates erected at the points 1, 2, and 3 of the hori- 
zontal axis. 

In reality this is not the case. As Figure 1 shows very clearly, there 
are many intermediate distances, corresponding to mixed types of carbon- 
carbon bonds, which exhibit very interesting properties as regards their 
degree of un saturation and reactivity. 

\ 

/ et/iane 7S4i 
2 iso-hutane. IS3 b 
5 iso-penfatte 7SZo 

4 U- phenyl 7.48 

5 butadiene / 46 

6 me7Ayhcefylene74€ 

7 stUbene 744 
B graphite / 42 
9 CD -polyene 7 39* 

W bemena 739 j 

71 polyenes /34s-/ 432 

72 buiac/tene /35 
/3 etkylene /.33s 
/4 allene / 37 
75 carbon suboxto/e /30 
/$ acetylene / 20 
17 ch -acetylena 7 /9 

10 20 50 

Fig. 1. Relationship between the character of substituents and carbon-carbon bond. 

It may be emphasized that the quantum-mechanical theory of homopolar 
valence gives a very detailed picture of this situation and in some cases 
makes possible a quantitative description of the bond.^^ 

But apart from this effect of higher order, the extent of which amounts 
to a few percent, we may consider the law of the constancy of valence 
distances as applicable to the topics following and, in particular, to the 
discussion of highly polymerized substances. 

A second general rule that can be deduced from the existing material 
is the constancy of the valence angle. 

This, indeed, has been one of the main pillars of classical carbon stereo- 

27 Cf. the article of L. Pauling in H. Gilman, Organic Chemistry, N. Y. 1938, Vol. II, 
Chap. 22, page 1850. 
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chemistry and has proved sound when tested quantitatively with the aid 
of the newer methods. Table 5 summarizes a few important cases; Table 6 
shows nuclear distances and valence angles obtained by H. A. Stuart^® for 
molecules of the type AX 2 , and Table 7 from another paper by H. A. 
Stuart gives corresponding data for pyramidal molecules of the type AX3. 
As can be seen from the estimated experimental errors, the constancy of 


TABLE 4 

Influence of Substituents on Valence Bond Distances 


Bond 

Substance 

Structure 

Distance in A 

( 

ethane 


1.547 


propane 


1.541 

c-cu 

isobutane 


1.538 


cyclopropane 


1.526 


cyclopentane 


1.520 


butadiene 

\ 

1.46 


cyclopentadicnc 

r\= 

1.46 


styrene 

^XI> 

1.44 


p-diphenylbcnzene 

diphenyl 

}c>-o 

1.46 

1.48 


tolane 

-<z> 

1.40 


diacetyleno 

j_ 

1.36 


cyanogen 


1.37 


dimcthylacetylene 

J 

1.38 


vinyl chloride 


1 .69 

C— C’P 

1 , 1-dichloroethylene 

\-/ 

1.69 


trichloroethylene 

/-\ 

1.71 


tetrachloroethylene 


1.73 


1 L. Pauling, J , Am. Chem. Soc., 69, 1223 (1937). 

2 L. Pauling, H. O. Springhall and K. J. Palmer, J. Am. Chem. Soc., 61 , 927 (1939). 
^L. O. Brockway, J. Y. Beach and L. Pauling, J. Am. Chem. Soc., 67, 2693 

(1935). 

the valence angle holds only in rough approximation, and the effect of 
different substituents on it is quite appreciable. For example, wave- 
mechanical considerations of Huckel,^® Pauling®^ and Slater®^ indicate a 

H. A. Stuart, Z. physik. Chem.y (B) 36, 155 (1937). Compare also recent ex- 
perimental work of A. Llittringhaus and K. Buchholz, Ber., 73 , 134, 145 (1940). 

E. Hiickel, Z. Physik, 60 , 423 (1930) ; 70 , 204 (1931) ; 72 , 310 (1931) ; 76 , 628 (1932). 

30 L. Pauling, Phys. Rev., 36 , 430 (1930); 40 , 891 (1932). 

31 J. C. Slater, Phys. Rev., 37 , 682 (1931); 38 , 1109 (1931). 
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TABLE 5 

A Few Important Valence Angles 


Atom 

Valence angle 

Measured in 

Methods 

C aliphatic 

Tetrahedron angle 
110 ° 

Many organic 
aliphatic com- 
pounds 

X-ray and electron 
interference 
Dipole moment 

-<> 

\ 

Aliphatic 
double bond 

/8 -- 130°\ , 

^ ~ 120 °\ , 
a ~ 120 »r'^"® 

/3 ~ 125°\ , 

Thiourea 

Formaldehyde 

COCL, COBr 2 , 
CH 3 COCI 

X-ray interference 

Band spectra 

Band spectra 

sC- 
Triple bond 

180° 

Acetylene 
Hydrocyanic acid 

Band spectra 

^ ^ a 

\ 

Aromatic-aliphatic 

linkage 

a 120 ° 

/3 ^ 120 ° 

Benzene 

derivatives 

Dipole moment 


a = 112°— 116° 

spatial 

a. =» 120 ° plane 

NHa 

BsNsHe 

Band spectra 

Electron 

interference 

— N= 

o 

o 

Isonitriles 

Dipole moment 


a = 130°\ , 

^ = 115o}p‘a«e 

OL = 120°\ . , 

^ = UQof 

NaNOz 

Nitrobenzene 

X-ray 

interferences 

X-ray 

interferences 


a ^ 104°— 106° 

a 122 ° 

a ^ 128° 

a 105° 

a 111 ° 

Water 

Ozone 

Diphenyloxide 

OF 2 

Dimethylether 

Band spectra 

Band spectra 

Dipole moment 
Electron 
interferences 
Electron 
interferences 


a ^ 113° 

a -- 108° 

Diphenylsulphide 

Sg 

Dipole moment 
X-ray 

interferences 
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value of 90® for the valence angle in oxygen, sulphur and nitrogen atoms, 
because precisely at this angle between the directions of maximum bond 
strength the total bond energy is a minimum. Quantum-mechanically 
this configuration shows a certain stability, so that we must conclude 
from the presence of greater angles the existence of repulsive forces between 
the two substituent atoms. Table 6 shows that these repellent forces 
are already acting in the water molecule and increase the normal valence 

TABLE 6 

Nuclear Distances and Valence Angles of Plane Molecules of Type AX 


a 


Substance 

Distance between substituents 

Valence angle 
observed 

Deformation 

2 Tmin 

k 

Observed 

A 

Calculated 
for 90® 

A i 

H2O . . 

1.57 

1.35 

104° 40' 

0 

0 

2.2 

F2O . . .. 

2.22 

1.98 

105° 

1 15° 

3.1 

CI2O 

2.8 

2.4 

111° 

21 ° 

3.7 

(CH 3)20 

2.38 

2.04 

111° 

21° 

3. 4-3. 9 

HjS 

1.95 

1.91 

92° 20' 

2° 20' 

2.2 

s, 

3.37 

3.0 

0 

*0 

0 

15° 

3.6 


TABLE 7 

Nuclear Distances and Valence Angles of a Few Pyramidal Molecules of 

THE Type AX 3 


Substance 

Distance X— X 

! 

Valence angle 
ob 80 rv 0 Q 1 

1 

Deformation 

2 Ttnin 

A 

Observed 

A 

Calculated 
for 90® 

A 

NH3 

1.61 

1.43 

106° 

16° 

2.2 

PCI3 .. 

3.13-3.18 

2.83-2.9 

100°-104° 

0 

1 

0 

0 

3.7 

AsCla . .. 

3.4 

3.12 

102° 

12° 

3.7 


angle of 90® to a value of 104® 40'. Actually, the two hydrogen atoms 
would be distant only 1.35 A from one another at a normal valence angle 
of 90®; the normal distance between two combined hydrogen atoms exert- 
ing no forces upon each other amounts however to about 2.2 A. The oxygen 
atom must, therefore, bring the two hydrogen atoms nearer by 0.86 A, 
if the normal valence angle is to be restored. This compression of the 
charge clouds of the hydrogen atoms represents, however, such a con- 
siderable performance of work that the valence bond 0 — H does not 



18 


THE GEOMETRY OF MOLECULES 


suffice. An intermediate state is reached which strikes a balance between 
the quantum-mechanical stability of the spatial valence field of the oxygen 
atom on the one hand and the repulsion of the two combined hydrogen 
atoms on the other; the valence angle is deformed. The distance H . . . H 
is diminished from 2.2 to 1.57 and the angle of 90° increased to 104° 40'. 

The accuracy of this interpretation is confirmed by a glance at con- 
ditions in the hydrogen sulfide molecule. By reason of the greater diam- 
eter of the sulfur atom, the distance between the substituent H atoms 
is already 1.91 A at normal valence angle, so that only a very small defor- 
mation of 2° 20' is neccvssary for a state of equilibrium to be established 

^ * o 

in the molecule with a distance of 1 .95 A between the two hydrogen atoms. 
The other data in Table 6 are to be interpreted in the same way and 
together they afford a very clear and instructive picture of the interaction 
between primary valence attraction and secondary valence repulsion 
within the molecule. 

Table 7 shows similar relations for pyramidal molecules, where the 
normal valence angle can be deformed by repulsive forces between the 
substituent atoms up to values of 16°. 

It appears to be of interest concerning the energy required for tlu^ 
deformation of the valence angle to arrive at an expression for a given 
spreading or deformation angle in calories per mol. Table 10 gives a few 
relevant data, taken again from H. A. Stuart, which indicate that in 
deformations of the order of 10°, energy values of the order of 1000-2000 
cal. per mol are involved. On the other hand, the work required to extend 
a primary valence bond in the direction of its greatest strength is estimated 
at 10^-10^ cal. per mol, for an extension of 0. 1-0.3 A. It is evident that 
appreciable changes in valence distance seldom have to be considered in 
organic molecules. Should they occur, they will be only of the order of 
hundredth A. In contrast, variations in valence angle of the order of 
10-15° are to be expected and are frequently observed. The primary 
valences are thus much less variable in respect to distance than in respect 
to angle. The first indication of the existence of such a relationship is 
afforded by the Bayer tension theory; today by the aid of available experi- 
mental data we can extend our view to some considerable extent to the 
quantitative side. 

Tables 8 and 9 contain further relevant data; in Table 8 the distances 
between the Cl atoms of CCb, CHCla and CH 2 CI 2 are recorded. It is 
evident that here also a valence angle deformation has taken place with 
decreasing number of substituent halogen atoms. It is very instructive 
that this effect can be observed just as well by x-rays as by electrons. 
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Table 9 shows the relation between valence angle deformation and 
heat of combustion. It points to the existence of relationships between the 
geometrical structure of the molecule and its energy capacity. 

Table 11 records a few data on the effective radii of combined atoms 
in contact with identical atoms. The term 2r,n»n denotes the closest 
distance of approach for two identical atoms within a molecule capable 
of internal motion. For example, although the two atoms in a hydrogen 
molecule are separated by a distance of 0.75 A, the hydrogen atoms which 
are combined with carbon, oxygen or nitrogen in an organic molecule 
cannot come closer to each other than about 2 A, as the table shows. 


TABLE 8 

Deformation of the Tetrahedron Angle by Substituents 


Molecule 

Distance Cl— Cl in k 

X-ray interferences 

Electron interferences 

ecu 

2.99 ± 0.03 

2.98 ± 0.03 

CHCb 

3.11 ± 0.05 

3.04 ±0.06 

CH 2 CI 2 . . j 

3.21 ± 0.11 

3.16 ±0.08 


TABLE 9 


Valence Angle Deformation and Heat of Combustion in Cyclic Compounds 


Number of C-atoms in the ring 

3 

4 

5 

6 

7 

Molar heat of combustion for (CH 2 )x 
gaseous in Cal. 

Heat of combustion per CH 2 -group in 

505.5 

662.5 

797 

950 

1103 

Cal. 

168.5 

165.5 

159 

158 

158 

Deviation from normal value in Cal. . 

10.5 

7.5 

1 

0 

0 

Deformation of the valence angle 

49° 28' 

19° 28' 

1°28' 

0° 

0^^ 


Closer approach is prevented by the repulsive forces then arising out of 
quantum-mechanical resonance effects. The column headed in the table 
contains those minimum distances which prevail at room temperature in 
consequence of thermal agitation. They are somewhat smaller than those 
considered heretofore because the repulsive forces are overcome to a slight 
extent by the inherent kinetic energy of the separate parts of the molecule. 

We can summarize as follows: the parts of a large molecule attract one 
another just as do complete molecules in a real gas, a liquid or a crystal. 
Among organic substances the distances at which such forces (correspond- 
ing to van der Waals forces) act is between 3.5 and 4.5 A. Regarding 
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their origin, their magnitudes and their importance in highly polymerized 
substances more will be said in the section on the structure of solid and 
liquid phases. When an attempt is made, however, to force the parts of a 
large molecule, or even whole molecules, very close together, steadily 


TABLE 10 

Valence Defobmation in Energy Units 


Compound 

Energy for valence angle deformation 
in cal/Mol 

Nuclear distance in 10~« cm 


By 6 ® 

By 10“ 


HON pl-j 

197 

788 

H-C = 1.08 

C,H, J— I 

193 

772 

H— C - 1.08 

o 

p 

< — 

— > 

< — 

432 

i 

1730 

C=.0 = 1.15 

OS. ^ 

291 

1160 

C=S = 1.5 


TABLE 11 

Effective Radii of Linked Pairs of Identical Atoms 


Nature of atom 

Effective radii in A 


ffnin 

rj, 

Hydrogen 

1.1 1 

0.9 

Nitrogen 

1.6 

1.38 

Oxygen 

1.5 

1.28 

Sulfur 

1.8 

1.54 

Fluorine 

1.58 

1.28 

Chlorine 

1.88 

1.58 

Bromine 

2.08 

1.7 

Iodine 

2.2 

1.82 


increasing forces of repulsion have to be overcome, their ultimate effed 
being to limit approach to those minimum distances set forth in Table 11 
It is evident that accurate knowledge of this relation is of great importance 
in all considerations of large molecules with internal mobility, particular!} 
in studies on the behavior of chain molecules. 
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These data on primary valence distances, valence angles and effective 
radii complete the evidence from which general assertions about molecular 
geometry can be deduced with the aid of interference measurements. 

Before passing on to the next experimental methods, it will be shown 
by two special examples how far an investigation of structure, employing 
all the modern techniques, can give an insight into the minute structure 
of a molecule. 

1. It has been possible to elucidate the structure of p-dinitrobenzene^^ 
to the minutest detail by accurate geometric measurement of the ele- 
mentary cell and by an exact determination of numerous interference 
intensities. Fig. 2 shows plan and elevation views of the molecule with all 
numerical data inserted. The research showed that the atoms of dinitro- 
benzene are not found in one plane, but that two irregularities occur, 
small indeed, but demonstrable with certainty by the precise experimental 
technique employed. The distance 
between the para-carbon atoms of 
the benzene ring and the nitrogen 
atoms of the nitro group was 1.5 A 
which is appreciably greater than 
the distance N — C found elsewhere. 

We have here an excellent example 
of the case mentioned before that 
special conditions in the molecule (in 
this case the nitrogen atom carries 
two oxygen atoms while the carbon 
atom belongs to a benzene ring) may 
influence the linkage distances. The two oxygen atoms of the nitro group 
are not equidistant from the nitrogen atom. The difference between 
1.25 and 1.10 A is greater than the limit of error of the method used, a fact 
which points to a difference in the way in which two oxygen atoms are linked 
to the nitrogen. Such a difference is also shown by quantum-mechanical 
analysis of the NO 2 group. Further, the benzene ring is itself deformed 
by the two nitro groups. It is no longer a regular hexagon; the shortest 
ring edge lies parallel to the bond N 0. Conceivably there is interaction 
between the aromatic C — C bond and the bond N = 0. That forces exist 
between electron shells representing these linkages is suggested by the obser- 
vation of H. 0. Jenkins,** who deduced from an accurate measurement of the 

R. W. James, C. King and H. Harrocks, Proc, Roy. Soc. London, (A) 163, 225 
(1935). 

»» H. 0. Jenkins, Nature, 134, 217 (1934). 



Fig. 2. Plan and elevation of the 
p-dinitrobenzene molecule, with 
atomic distances and valence angles. 
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dipole moment that there is no freedom of rotation round the CN-bond. 
In the equilibrium position represented in Fig. 1 only vibrations are active. 
It is also well known that between nitro groups and aromatic rings there 
exist distinct attractive forces, which lead to molecular compounds of 
remarkable stability (cf. p. 106). 

2. The structure of phthalocyanine may be cited as the second example, 
the elucidation of which is due to experiments by J. M. Robertson.^^ 
The molecule has a plane, square pattern; the usual organic structural 
formula, represented by Fig. 3 can be regarded as a very good approxima- 
tion to the actual situation. Fig. 3a on page 23 shows a contour map of 

the electron density in nickel phthalocyanine 
as obtained by evaluating intensities Vjy the 
Fourier method. The four benzene rings are 
clearly seen at the corners of the molecule 
and also the iso-indole ring and the central 
nickel atom. The distance of the iso-indole 
nitrogen from the nickel atom is 1.83 A; one 
can imagine it as made up of the radius of the 
neutral nickel atom (1.24 A) and the radius 
of a double-bonded nitrogen atom (0.61 A). 
The other dimensions of the molecule agree 
very closely with the known normal distances 
of the main valence linkages. We have a strik- 
ing example of how it is possible by the aid of 
x-ray analysis to elucidate quantitatively a 
complicated molecule down to the last detail. 
A necessary proviso is, of course, the presence 
of well defined, not too small individual crys- 
tals, a condition which can be satisfied only in exceptional cases for high 
polymers. Up to the present only a few proteins have been obtained 
in sufficiently large crystals to allow of the application of this method. 

2. The Behavior of Molecules in the Electric Field 

If molecules are introduced into a uniform electric field, two effects 
are observable which yield important information on the internal structure 
of the particles. 

a) When mobile charged constituents — negative charge clouds — are 
present in the molecules, they are displaced or deformed by the field. 

J. M. Robertson, Proc. Roy, Soc, LondoUy (A) 146 , 473 (1934) ; Rep. on Progress 
in Physics, 4 , 332 (1938). 
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Fig. 3. Structural formula 
of the phthalocyanine resi- 
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In the first place there are the electron shells of the atoms which undergo 
a deformation in the electric field. The result of this deformation is that 
under the influence of the field the centers of positive and negative charge 
no longer coincide in space, so that an otherwise neutral and isotropic 
particle exhibits in the electric field two distinct charges, which can exert 



Fig. 3a. Distribution of electron density in nickel phthalocyanine parallel to the 
plane of the molecule; compare this diagram with Fig. 3. 

external effects; the two charges are equal and opposite so that the molecule 
as a whole remains neutral. Since these two poles are produced only by 
the external field, the phenomenon is termed electrical polarization and the 
atoms are said to possess induced or influenced dipole moments. The 
stronger the field and the more mobile the charges, the greater is the 
polarization effect. 
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b) There are molecules in which the centers of mass of the positive 
and negative charge arc not coincident by reason of internal structure, 
which themselves possess an electric moment independent of the existence 
of an electric field, i.e. they have an electric dipole. Such particles orient 
themselves in a uniform electric field, attempting, in fact, to align them- 
selves with the dipole axis parallel to the direction of the field. TJie final 
result of this directional effect again depends upon the strength of the field, 
the magnitude of the permanent dipole moment and the temperature. The 
irregular thermal motion always disturbs the arrangement of the dipole 
axes caused by the field, so that macroscopically a stationary state is 
observed resulting from the action of the mutually opposing forces. 
Dipole moments are, of course, also polarized additionally by an electric 
field. However, the induced moments are generally much smaller than 
the permanent ones. 

Since both phenomena afford important information on molecular 
structure we will consider them in greater detail later on. 


a) Polarizability 

If the charge shell is capable of deformation equally in all directions, 
the induced moment yi can be taken as approximately proportional to 
the field strength E producing it: 

fii = a-E, ( 4 ) 


If the charges are isotropically deformable the proportionality factor a 
is a characteristic material constant independent of direction ; it is termed 
the polarizability of the substance and has volume dimensions. To deter- 
mine polarizability experimentally, we start with the dielectric constant e 
of the substance to be investigated; a is related under certain generally 
valid suppositions to e by the Clausius-Mosotti equation 


In this: 


6 - 1 M 
€ ■+• 2 P 



( 5 ) 


p == density of the substance. 

M = molecular weight. 

N = number of molecules per mol (Losohmidt number). 
a =* polarizability (for static fields). 

6 =* dielectric constant of the substance. 


In deriving this equation it must be remembered in addition to (4) that 
the polarized molecules exert forces on one another) the whole polarization 
effect arises therefore from the external field acting and the internal field 
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resulting from its influence; (5) holds only for isotropic phases — gases, 
solutions, liquids, regular crystals — but not for anisotropic liquids or for 
47r . 

other types of crystal. is termed the molecular polarization P. 

o 


In particles possessing no permanent dipole moment, equation (5), by 
application of the Maxwell relation between refractive index and dielec- 
tric constant, becomes the Lorentz-Lorenz equation: 


- 1 M 

n2 + 2* p 


^■N: - B, 


( 6 ) 


which combines polarizability with refractive index; the right hand side 
of equation (6) is termed molar refraction and is denoted by P. For 
ideal gases under normal conditions M/p can be taken as 22.4 X 10® cm®; 
since the refractive index is nearly unity, the term + 2) can be replaced 
by the value 3, whereupon the simplified equation valid for ideal gases is 
obtained 

a * 2.94 X 10-2i(n2 - 1). (7) 


It is known that the molar refraction R may be deduced additively 
from the atomic refractions by considering that double bonds, triple 
bonds, ring linkages etc. come into existence by increments. The additive 
condition is fulfilled even better if, following Fajans and Knorr,®® charac- 
teristic linkage refractions are ascribed not to individual atoms but to 
individual linkages — e.g. the C — H or C = C linkage. The superiority 
of the Fajans-Knorr method of calculation is founded on the fact that 
the components of the electron shell in the molecule which are specially 
subject to deformation are no longer to be correlated with given atoms, 
but are dependent rather upon the nature of the bond between the atoms; 
actually according to the new concept, non-polar valence is produced by 
those electron shells which are common to several atoms of a molecule. 
The discussion of refractions showing exceptions to additivity has long 
been a valuable aid in elucidating the structure of organic substances; 
such exception invariably suggests the presence of special conditions. 
Apart from exceptions which must be dealt with by corrections, however, 
molecular refraction is independent of the state of combination and still 
more so of the degree of aggregation of the participating atoms. 

We have hitherto denoted the polarizability of the molecule by a 
single term; actually, however, the polarizability in non-isotropic molecules 
differs in different directions. Molecules having axial symmetry possess 


K. Fajans and F. Knorr, Ber., 69 , 256 (1926). 
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two polarizabilities, asymmetrical molecules three. Obviously, in meas- 
uring polarization by refractive index, this anisotropy is not perceptible 
because the molecules of the substance concerned are normally in random 
arrangement and there is no total effect. Anisotropy of polarizability is 
the first observed when individual particles are fixed in definite directions. 
This is true of the irregular crystals and of gases exposed to an electric field 
(Kerr-effect). Table 12 shows a series of atomic refractions (AR) taken 
from Landolt-Bomstein’s Handbook which can be used in calculating 
molar refractions. 

Molecular refractions deduced from the refractive index (optical method) 
are not always entirely consistent with molecular polarizations from dielec- 
tric constants (static method) ; the reason is that only the light electrons 
can follow the high frequency vibrations {y ^ 10^^ per sec.) of visible 


TABLE 12 

Atomic Refractions for X = 6583 A 


Type of atom 


AR in cmVmol 


C singly linked . . 

H 

O in the carbonyl group. 
O in ethers 

0 in the hydroxyl group 

C doubly linked . . 
C trebly linked 

Cl 

1 


2.413 

1.092 

2.189 

1.639 

1.522 

4.099 

4.741 

5.933 

13.757 


light and accordingly molecular refraction indicates only the (optical) 
electron polarization. The slower the vibrations become, however, the 
sooner can heavier particles, e.g. ions or charged groups of atoms, follow 
them and so contribute (in the limiting case electrostatically) to polariza- 
tion — so-called atomic polarization. The frequency of the atomic vibra- 
tions {v ^ 10^2 per sec.) lies in the infra red. Since atomic polarization is 
obtained as a small difference between two large numbers — molecular 
polarization and refraction — its value is known only inexactly in most 
cases. For practical purposes, it is frequently merely estimated and 
has heretofore been little used on structure problems. 

h) Applications and Results of Polarization Measurements 

Molar refraction has long been an important aid for determining 
constitution in organic chemistry. Since there seems to be a growing 
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tendency towards its use in the sphere of high polymeric compounds, 
which may be developed in the near future to allow of safe conclusions 
when sufficient data are available, the most important relationship between 
molar refraction and constitution will next be briefly summarized. 

In the optical sense, an increase in molar refraction always means 
a relaxation of the negative charge clouds of the atoms constituting the 
molecule. If, for example, it is proved that there is no change in molar 
refraction on ring closure of an open aliphatic chain, we may assume that 
there is also no relaxation of the charge clouds which represent the separate 
principal valence bonds in the chain and in the ring. On the other hand, 
where considerable ring tension is observed, increases in molar refraction 
are known to occur, as, for example, in tetramethylene and in trimethylene. 
This obviously implies that the forcibly compacted electron clouds of the 
homopolar valence bonds are mutually relaxed and perhaps this is likewise 
true for the neighboring nuclear charges. In the trimethylene ring this 
effect extends so far that its molar polarization approaches that of the 
aliphatic double bond. 

The aliphatic double bond, as well as the bonds C— 0 and N=0 
show considerable intensifications; this is easily understood inasmuch as 
the rather dispersed,' four-electron charge cloud of a double linkage is 
naturally excited to vibration by an incident light wave more easily 
than the considerably more rigid single bond comprising only two electrons. 
Conjugated double bonds show an enhanced effect, which agrees very well 
with the result of experiments due mainly to R. Kuhn and his coworkers.*® 
These experiments showed that with accumulation of conjugated double 
bonds, relaxation of the electron clouds finally proceeds so far that the 
compounds absorb light in the visible region and in consequence appear 
colored. Moreover, the quantum-mechanical discussion of conditions 
obtaining in the polyene compounds makes a mutual relaxing effect of 
double bonds intelligible. 

On the other hand, in aromatic compounds, particularly in benzene, 
a decrease is apparent in the molar refraction. This depression is specific 
to the aromatic character and is consistent with the fact that, on account 
of the ring arrangement of the three double bonds within the nuclear 
framework, a definite distribution of negative charge density occurs. 
The same consequence was deduced from quantum-mechanical considera- 
tions by the far-reaching studies of Hiickel, Pauling and Slater.*^ It 

For recent work see R. Kuhn, Ber., 71, 442, and 783 (1938) and especially R. 
Kuhn, Angew. Che^n.j 60 , 703 (1937). 

See the two bopks of H. Hellmann, Quanienchemie^ Vienna 1936, and L. Pauling 
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signifies a stability associated with the system of three normally conju- 
gated double bonds. This accords with the view that the benzene ring, 
as regards its chemical behavior, should not be represented either by the 
simple Kekul4 formula or by those proposed by Dewar, Claus or Laden- 
burg the truth is most nearly approached if the benzene molecule is 
conceived as essentially an assemblage of the two spatially possible 
Kekul6 structures Ki and K 2 



, K2 = 






of equal energy value and the three possible Dewar structures (also of 
equal energy value). 



i)s« 



K\ and arc present in the same proportion, while Di, and Ds are 
likewise equal in amount. In this collection of the five forms the Kekul^ 
properties emerge as unquestionably stronger than the Dewar. This 
conception is also supported by all other methods of attack — x-ray inter- 
ference, electron interference and Raman effect. The further discovery 
that cumulative double bonds give smaller excentrics of refraction and 
dispersion accords with the quantum mechanical idea of the nature of 
the double bond.®® 

Finally, attention may be drawn to some interesting experiments on the 
variation in optical behavior of isomeric compounds. Generally it is 
found that highly branched aliphatic molecules, as well as molecules whose 
form permits dense packing, exhibit higher molecular refractions. As 
examples may be cited fmns-a-jS-dibromoethylene {MRd = 26.16) and 
the cis isomer {MR^ — 25.64) as well as p-dibromobenzene {MRd = 


and E. B. Wilson, Introduction to Quantum Mechanics^ New York 1935; compare 
also the article of L. Pauling in H. Gilman, Organic Chemistry, New York 1939, 
vol. II, p. 1850. 

See also the comprehensive treatise by E. Hiickel, Z. Elektrochem., 72, 657 (1936) 
and a series of very interesting publications of R. S. Mulliken, /. Chem, Phys., 7, 
339, 353, 356, 364 (1939). 

More details are given in the two mentioned books of Heilman and Pauling, 
in the comprehensive paper of E. Hiickel and furthermore K. W. F. Kohlrausch, 
Phys, Z., 37, 58 (1936); J. H. Hibben, Chem, Rev., 18, 7 (1936) ; L. Simons, J. Applied 
Phys,, 9 , 781 (1938). 
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42.78) and o-dibromobenzene {MRd = 41.81). The internal molecular 
interaction between the positive nuclear charges and the electron shells 
of the different atoms produces obviously similarly a fixation of the spatially 
dispersed negative electricity, as is now recognized in the theory of solu- 
tions of electrolytes. 

The generally additive character of molar refraction and heat of com- 
bustion causes the quotient of the two magnitudes to be a constant under 
normal conditions, amounting in paraffins to 33.2 and in olefines to 32.3. 

W. Herz^° has established similar data for other substances and has 
deduced information regarding the density of packing in the most varied 
compounds. 

In the domain of high polymeric substances refraction data are available 
principally for cellulose and its derivatives, but these have been deter- 
mined almost entirely on solid or swollen fibres and will be referred to 
later in discussing the crystalline and liquid phases. In solutions of high 
polymeric substances the refractive index can be used to great advantage 
for following polymerization reactions; these will be discussed further in 
the chapter on the kinetics of these processes. Constitutional deductions 
regarding the structure of carbon chains — on length, end groups, branch- 
ings, ring closures, etc. — have hitherto not been drawn from optical experi- 
ments. The present state of knowledge seems inadequate for this, because 
all the equations available are empirical and permit definite assertions only 
for pure substances and small molecules and may therefore be applied to 
polymeric mixtures only with the greatest caution. 

c) Dipole Moments 

Molecules with permanent moments are termed polar molecules or 
dipole molecules. The permanent moments are usually considerably larger 
than the induced moments. 

For dipole molecules the following expression holds 

P ^ Pa +P o^ MR^ + Po (8) 

P = total polarization 
Pe = electron polarizability 
Pa = atom polarizability 
Po = permanent moment 

MR^ =» molecular refraction extrapolated to long waves. 

In a uniform electric field, dipole-free molecules orient themselves with 
the axis of greatest polarizability aligned with the field (induction effect) ; 

Cf. W. Hertz and E. Levy, Z. Elekirochem.j 39 , 26 (1933). 



30 


THE GEOMETRY OF MOLECULES 


the dipole molecules orient themselves with the axis of moments in the 
direction of the field (direction effect). In order to separate the two effects 
in the same molecule, it is assumed, following Debye,^^ that the induction 
effect is independent of temperature, since electron displacement requires 
only the briefest period of time; the direction effect, however, depends on 
temperature because the oriented dipoles are always thrown into disorder 
again by thermal agitation. 

According to Debye, the Clausius-Mosotti equation for dipole molecuk'S 
can be expanded to 


€ ^ M 

€ + 2 p 



p. = permanent moment 
k = Boltzmann constant 
T = absolute temperature 
€ = dielectric constant. 


(9) 


Since € for dipole molecules is a linear function of the reciprocal (absolute) 
temperature of the form 

/(«) =* ® 

in which 

and 


the two magnitudes a and b can be separately determined by measurement 
at several temperatures. If we insert numerical values of tt, N and kj 
we obtain 

p = 0.0127 electrostatic units (10) 

The unit of 10"^^ e.s.u. is termed one Debye. 

The Debye theory holds strictly only for gases because they alone satisfy 
the condition of completely random distribution of molecules assumed by 


See for example P. Debye, Polar Molecules^ New York 1929; also G. Briegleb, 
Zwischenmolekulare Krdfte und Molekulstruktur^ Stuttgart 1937, p. 30; compare also, 
A Symposium on the Dielectric Properties of Matter; Chem. Rev.^ 19, 163-363 (1936); 
especially N. V. Sidgwick, ihid.y p. 183 and J. G. Kirkwood, Chem. Rev., 24, 233 
(1939). 
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the theory on account of the large average distances between molecules. 
In the liquid phase — as recent experiments have confirmed — orientation 
effects are present even in the absence of an external field due to the recip- 
rocal action of the molecular dipoles; viewed macroscopically, these com- 
pensate one another and cause no polarity of the system as a whole but 
from the point of view of the molecule they imply a significant deviation 
from the equal condition that all directions in space shall be represented 
at any instant. Restriction to gases is very troublesome in experimental 
practice because of the small effects obtainable; the measurements are 
difficult and actually only substances with high vapor pressure can be used. 
Consequently we often determine the moments of molecules in the dis- 
solved state and choose dipole-free solvents of small polarizability and low 
concentrations of solutes, in order to reduce the reciprocal action of the 
dipoles on one another and on the solvent. It is best if the values of fx 


TABLE 13 

Dipole Moments for a Few Important Atom Groupings 


Bond 

Moment 

M X 10“ 

Bond 

Moment 

M X 10“ 

N— 0 

0.1 

0-H (Phenol) 

1.56 

C-H 

0.4 

0-H (H 2 O) 

1.58 

0— CHa. 

1.23 

N— H (NH,) 

1.66 

C— I . . . 

1.35 

C=-0 

2.8 

C— Br 

1.52 

N=0 

3.22 

C— Cl 

1.54 

NOj 

3.9 

NHa 

1.54 

C==N 

3.94 


obtained at different concentrations are extrapolated to infinite dilution. 
The moment obtained from the polarizability of the solvent is determined 
by control measurements and subtracted. Comparison of the moments 
obtained in different solvents is useful in this connection. By these means 
quite satisfactory agreement is obtained with values obtained for gases. 

d) Application of Dipole Measurement in Determining Molecular Structure 

In classifying the great bulk of experimental material, it is convenient, 
as a first approximation, to ascribe to individual linkages (groups of atoms) 
constant characteristic dipole moments — so-called group moments. Re- 
cent data reported by H. A. Stuart for a few important group moments are 
summarized in Table 13. Obviously their magnitude is not entirely inde- 
pendent of the atoms or radicals surrounding them, so that, as in primary 
valence distance, allowance must be made for the influence of surroundings 
on the group moments. 
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The moment of the whole molecule may be obtained by vectorial addi- 
tion of the group moments, taking into account magnitude, direction and 
sign. The result is that molecules which contain several polar groups may 
be non-polar as a whole, if there is internal compensation between the 
various polar components. Thus, we know from experience that methane 
and carbon tetrachloride, for example, are actually non-polar, whereas 
Table 13 indicates that both the C — H bond and the C — Cl bond possess 
a moment. 

Due to this circumstance, measurement of the total moment frequently 
affords a convenient way of deducing valence angles in a molecule. For 
instance, p-hydroquinone dimethyl ether has a measurable moment which, 
through valence inclination, occurs at both oxygen atoms (see Fig. 4). 
Table 14 shows by a few p-substituted benzene derivatives that in oxygen 
a valence angle of about 110° is indicated, a value which is in good agree- 
ment with that derived from x^ray data (Table 4) and from spectrographic 
data. The dipole method accordingly supplements and expands the 

evidence respecting nuclear lattices hitherto 
discussed, and it is clearly evident that com- 
paratively complex molecules can be investigated 
fairly safely with its aid. 

It should be strongly emphasized here that 
in working on a definite structural problem, 
even though it relates to small and simple 
molecules, success can be assured only if more 
than one of the methods available are employed. This is, naturally, 
even more necessary when investigating larger molecules, particularly in 
studying high polymeric substances, to employ concurrently every pos- 
sible method in order to obtain a picture of the particular substance 
based as far as possible on experimental evidence. The different methods 
available will be reviewed later in respect to their individual suitability 
for elucidating given structural problems (see pp. 78 and 79). 

The dipole method has proved particularly useful, apart from valence 
angle determination, in investigating m-irans-isomerism, because it allows 
of a simple and satisfactory differentiation between the various modifi- 
cations. As shown in Table 15, the moments of the frans-dihalogenated 
ethylenes are practically always nil, while the cis-compounds are definitely 
polar. Similar conditions hold for other isomerisms of analogous nature. 

The dipole method has afforded valuable evidence also on the structure 
of simple aromatic parent substances. Benzene, diphenyl, naphthalene 
and higher condensed ring systems are recognized as plane structures. 



Fig. 4. Valence angle at 
the oxygen atom in hydro- 
quinone dimethyl ether. 
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Symmetrically substituted methane derivatives prove non-polar and there- 
fore tetrahedral; compounds of quadrivalent tin and quadrivalent titanium 
exhibit the same symmetry. 


TABLE 14 


A Few Dipole Moments of p-Substittjted Benzene Derivatives According to 

H. A. Stuart 


Substance 

mX m 

n X 10^* calculated; 
angle at the O-atom 

- no* 

M X 10^8 calculated 
without regard to 
angle 

P-CH 8 -C 6 H 4 -OH 

1.50 

1.60 

2.10 

p-CHs— C«H4— OCH 3 

1.10 

1.13 

1.60 

P-NO 2 — C 6 H 4 -OCH 8 

4.80 

4.35 

2.60 

p-Cl— C 6 H 4 — OH 

2.65 

2.47 

0.15 


TABLE 15 


Dipole Moments of cis- and iraws-DiHALOGENATED Ethylenes 


Substance 


Ethylene 

cts-Dichlorocthylene . . . 
<rans-Dichloroethylene . 
cts-Dibromoethylene. . . 
^rans-Dibromoethylene 
cts-Diiodoethylene — 
^rans-Diiodoethylene. . . 


Formula 

mX10« 

observed 

Boilinfi|^^oint 

Hk /H 

>c=c/ 

0 

— 

Ck /Cl 

>c«c< 

1.8 

59 

H. /Cl 

>C=C< 

CK \h 

0 

48 

/Br 

>C-C< 

1.35 

112 

H. /Br 

>o=c< 

Br/ \h 

0 

108 

Ko=c/^ 

W 

0.75 

188 

Hv /I 

>o-c< 

V 

0 

190.5 


Thus, the dipole method has a considerable share in the deduction of 
those principles which have to be employed today in designing structural 
models of high polymeric substances. Still more important, however, in 
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regard to large molecules with internal mobility, is the possibility of learn- 
ing from dipole measurements something about the free rotatory power. 
This will be discussed, however— according to the arrangement of the 
present chapter — only in Section B on the vibrations and rotations in the 
interior of the molecules (see p. 64 et seq.).^^ 

3. Optical Behavior of Molecules 

Analysis of the light scattered by a free molecule has recently led to 
the development of a very effective means of drawing far-reaching con- 
clusions regarding the symmetry and arrangement of the atoms in the 
molecule. Again, valence inclination is the main problem treated in this 
way but the free motion of parts of the molecule can also be so treated. 
Two effects are available for obtaining experimental evidence, the Kerr 
effect and the depolarization of the scattered beam. 

a) The Kerr Effect 

If a gas, a solution or a pure liquid is introduced between the plates of 
a charged condenser, the molecules strive, as already pointed out, to orien- 
tate themselves with the axis of their maximum polarizability or, if a per- 
manent moment exists, with the axis of this moment, parallel to the direc- 
tion of the field. Should the thermal agitation be such, however, that this 
orientation is effected only to a very small extent, the previously isotropic 
medium exhibits anisotropy which can be detected as double refraction on 
the passage of polarized light. This electric double refraction imposed by 
the presence of the external field is called the Kerr effect. The phe- 
nomenon is measured by the path difference AX, between the beam polar- 
ized in the direction of the field and that polarized perpendicular to the 
field. It is given by the equation 

( 11 ) 

A 

in which I is the extent of substance traversed in centimeters, E is the 
intensity of the field in volts per cm and X is the wavelength also in centi- 
meters. The constant K is characteristic for the substance investigated 
at given concentration (pressure) and temperature and is known as the 
Kerr constant. The physical theory of the Kerr effect we owe essentially 
to Lord Rayleigh, Born and Langevin. The principal experimental re- 

Recently W. T, Busse and R. M. Fuoss have contributed very important applica- 
tions of the dipole method by the investigation of polyvinylchloride and similar 
substances at different temperatures, frequencies and with different amounts of 
plasticizers. Cincinnati meeting of the ACS, April 1940. 



DEGREE OF DEPOLARIZATION 35 

searches into its applicability to problems of molecular structure are due 
to H. A. Stuart, K. L. Wolf and their collaborators. 

The Kerr constant is evaluated theoretically by means of a formula 
derived by Born and Langevin, which relates primarily to systems with 
vanishing intermolecular reciprocal action — ideal gases or dilute solutions; 
the form is 

K. — 37ri\r(Oi -f" © 2 ) “ Ki *4" K% (12) 

N is the Loschmidt number while 0i and 02 are complex functions of the 
dipole moments and polarizabilities belonging to the molecule. The Kerr 
constant itself can be split into two terms of which one (Ki) merely ex- 
presses the anisotropy of the optical and electrical polarizability and is 
named the anisotropy term Ki, while the other represents the effect of 
possibly existing electric moments. This is called the dipole term K^. 
The two terms differ from each other in their dependence upon temper- 
ature; the Kerr effect of dipole-free molecules is proportional to l/T, that 
of dipole molecules is proportional to l/T^. 

It is mainly through this difference in temperature relationship that it 
is possible by sufficiently exact measurement to separate the two factors. 
Generally speaking, the dipole term is very much greater than the aniso- 
tropy term, so that it is convenient to determine the latter separately 
from measurements of the degree of depolarization of scattered radiation 
(see later). If we know both Kerr constants and are able to make plausible 
assumptions regarding the symmetry of the molecule, we can occasionally 
deduce from them quite extensive conclusions regarding the shape of the 
molecules investigated. Since this is usually possible only in conjunction 
with the degree of depolarization, the main points about this latter will be 
briefly stated before discussing the results. 

h) The Degree of Depolarization 

If light is scattered by isotropic molecules, it is to be expected from the 
transverse nature of the waves that the scattered light emitted normally to 
the primary beam will be linearly polarized. If, however, the experiment 
is carried out on gases, liquids or solutions, there is found in most cases a 
depolarization of the scattered radiation. This is due to the fact that the 
molecules causing scattering are not isotropic with respect to their polariz- 
ability. The classical theory of light scattering as developed by Lord 
Rayleigh,^^ Gans^® and Born^® allows a relationship to be established 

A. Stuart, Ergeh, ezakt. Naturw,^ 10 , 159 (1931). 

** Lord Rayleigh, Sci. Pap.f Vol. VI, p. 540. 

« R. Cans, Ann. Physik, 37, 881 (1912); 62, 331 (1920); 66, 97 (1921). 

«M. Born, Ann. Physik, 66, 177 (1918). 
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between the extent of depolarization of the scattered light — the so-called de- 
gree of depolarization -and the anisotropy of the polarizability. Through 
this relation, the degree of depolarization is connected with the polariz- 
ability of the molecule in three directions perpendicular to one another 
(main polarizabilities). 

For definite results it is useful to work with molecules having axial 
symmetry because they have only two main polarization directions — 
parallel and vertical to the axis. These two may, however, be calculated 
satisfactorily on the one hand from the average polarizability a determined 
from the refractive index (see p. 25) and from the degree of depolarization 
A so that two equations are available for the two unknowns. 


TABLE 16 


Degree of Depolarization of Isomeric Alcohols (H. A. Stuart) 


Substance 


Butyl alcohol 

Isobutyl alcohol. 


Formula 


H3C-CH2CH2CH20H 

HaCv 

>CH«CH20H 

HaC^ 


100 X A 


1.7 

0.8 


Tertiary butyl alcohol 

Amyl alcohol 

Isoamyl alcohol 


HaCv 

HsC-^COH 
I3C 




HsC- CH2- CH2- GHz- CH 2 OH 
HaCv 

>CH.CH2-CH20H 

HsC^ 


0.7 

1.3 

1.1 


c) Results of Optical Molecule Measurement 

The two methods briefly outlined above furnish direct evidence regarding 
the symmetry of molecules from which we can arrive at conceptions of 
the nuclear framework and its internal mobility. Results concerning 
nuclear framework only will be reported here, while molecular oscillations 
and rotations will be discussed in the next chapter. 

. According to the laws of classical optics, depolarization of scattered 
radiation should disappear if the molecules are completely independent of 
one another and are themselves spherically symmetrical. Experimentally 
this is not strictly true, yet it holds with a fair degree of approximation. 
The inert gases and highly symmetrical compounds exhibit extraordinarily 
small A values, which to some extent fall within the limit of experimental 
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error. In part, however, they are attributable to reciprocal action between 
the molecules and in part to causes not yet clearly understood, as in the 
case of the fluorides and chlorides of carbon and silicon. The farther the 
particular molecule departs from the spherical shape, the greater is its 
degree of depolarization, an experimental fact borne out by the data in 
Table 16. Multiple linkages too show increased A values, a circumstance 
possibly connected with their greater polarizability. 

Much greater insight into nuclear framework may be gained by making 
use of the Kerr effect. It is often possible to tell the polarization ellipsoid 
of the molecule by axis ratios and position relative to the nuclear frame- 

TABLE 17 

Polarization Ellipsoids of Molecules 


(H. A. Stuart) 


Substance 

Formula 

3 oX 10 « 
« (61 

+ hs) 
X 1028 

6i 

X102» 

bi 

X 1026 

hz 

X 1025 

Position of the optical axes and of 
the electric moments, structure of 
the molecule 

Acetylene . 

C 2 H 2 

99.9 

51.2 

24.3 

24.3 

hi axis of symmetry straight 
molecule 

Methane* 

Carbon- 

CH 4 

78.3 

26.1 

26.1 

26.1 

regular tetrahedron 

tetrachloride. . . 

CCI4 

315 

105 

105 

105 

regular tetrahedron 

Methyl chloride. 

CHaCl 

137 

54.2 

41.4 

41.4 

hi axis of symmetry 

Ethyl chloride . . 

CaHfiCl 

192 

66.0 

50.1 

75.9 

1 angular molecule according 

Propyl chloride 

C 3 H 7 CI 

246 

— - 

— 

— 

/ to position of axes 

Benzene . . 

CeHe 

309.6 

123.1 

63.5 

123.1 

62 axis of symmetry 

Toluene . . 

CeHfiCHs 

367.8 

136.6 

78.4 

156.4 

1 plane molecule ; 62 d- to plane 

Pyridine. 

CsHfiN 

285 

118.8 

57.8 

108.4 

j of molecule 


* Calculated for complete spherical symmetry, the Kerr constant has not yet 
been measured. 


work and to calculate the polarizabilities hi, 62 and 63 in three mutually 
perpendicular directions. As a result, interesting and far-reaching evidence 
on the' structure of molecules may often be adduced, again in conjunction 
with other methods. 

Table 17 gives, by way of example, polarizabilities for different molecules 
in different directions. It is evident that acetylene is particularly easily 
polarizable parallel to the triple bond, that methane and CCI4 appear 
entirely symmetrical in excellent agreement with their actual behavior, 
that CH3CI possess an axis of symmetry, but that higher aliphatic chlorides 
are asymmetrical And so on. There is very clear evidence concerning 
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valence angularity, that straight molecules are uniaxial while angular 
molecules behave as bi-axial. 

An investigation of the simplest ether demonstrated very clearly the 
valence angle of oxygen and indicated a value of 110"^, which is in complete 
agreement with the value obtained by previously mentioned methods. 
For ethyl ether, criteria could even be derived regarding the free rotatory 
power which however will be discussed in detail in the next chapter. A 
systematic investigation of aliphatic ketones supplied similar evidence con- 
sistent with previous knowledge regarding the nuclear framework, and 
similarly with ethyl nitrite. 

The methods of the Kerr effect and the depolarization of scattered light 
have not so far been applied to the realm of high polymers, but it is con- 
ceivable that by their aid it will be possible to obtain data for relatively 
complex molecules on the symmetry and form of the particles and on the 
position of substituents. It should, of course, be emphasized that both 
methods are particularly sensitive to molecular interaction and they should 
therefore be applied as far as possible to the gaseous state or to that of 
dilute solution. 



B. THE INTERNAL MOTIONS OF MOLECULES 

It has been emphasized in Section A that the nuclear framework of 
molecules must not be conceived as a rigid structure formed of fixed 
immobile particles. Rather, the individual atoms execute various motions 
under the influence of the forces holding the whole molecule together and 
under the influence of temperature; knowledge of these motions is just as 
important to an understanding of the molecular structure as is knowledge 
of the nuclear framework itself. For the study of these internal motions 
throws light on the field of force to which the molecule owes its existence 
and by which its physical and chemical properties are determined. 

The internal motions of a molecule may be divided conveniently and 
easily into two distinct types: into oscillations and rotations:^ 

In precise investigation of atomic oscillations in the molecule, it appears 
that two different types are again distinguishable: valence oscillations and 
deformations or break oscillations. The former consist of the periodic 
motion of the atoms in the direction of the main valences linking them; 
the oscillation therefore causes an intermittent variable extension and 
contraction of any bond distance, a few data for which are shown in Table 2. 
In the break oscillations, however, the deformations of the atom are 
executed perpendicular to the bond direction and effect a periodic increase 
and diminution of the valence angle; numerical data are also given for 
these in Table 4. 

Both oscillations suggest that the rigid nuclear framework of the molecule 
can actually be regarded only as a temporary mean position. At any 
particular instant it is distorted according to the magnitude and direction 
of the existing elongations of the atoms. 

The rotation of individual parts of the molecule plays a role which is 
especially prominent in larger molecules. This is particularly true in 
organic molecules, where, in consequence of the possibility of free rotatory 
power around the simple primary valence bonds, the components of a mole- 
cule may be moved toward one another without causing appreciable 

^ However it must be pointed out, that in some cases oscillations go over into 
rotations and vice versa. Hence a sharp differentiation of these two types of move- 
ments is not possible. 
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change in the total energy of the molecule. These rotations or oscillations 
at constant or nearly constant total energy are the result of thermal 
collisions which the particles suffer from their environment and they will 
be more violent the higher the temperature. Owing to the reciprocal 
influence which exists between distant atoms in a molecule, the rotation 
is in most cases not entirely free but a certain energy pertains to any given 
configuration. If the energy differences between different spatial arrange- 
ments of atoms are large as compared with the average thermal kinetic 
energy, this will not be sufficient to induce rotations, but the mobile parts 
of the molecule will merely execute oscillations about the positions of 
minimum energy: rotation then degenerates into a complicated deforma- 
tion oscillation. If, however, as frequently happens (see page 69), the 
various configurations, particularly in organic molecules, differ from one 
another only by amounts of the same order of magnitude as the mean 
thermal energy, then each arrangement is assumed equally often and the 
rotatory power about certain valence directions appears to be free. 

In rotations, therefore, the internal molecular field of force determines 
the motions which occur, and its study occasionally leads to interesting 
glimpses into the dynamics of the molecule. 

After these general remarks on the importance of oscillations and 
rotations, it is now time to describe briefly the experimental methods 
available for investigating the internal motions of a molecule. In this 
connection, the results will be discussed in detail in relation to our present 
knowledge of valence fields, and, in conclusion, particular attention will 
again be paid to long chain molecules and high polymeric substances. 

1. Methods of Determining Internal Motions of Molecules 

Following the interpretation of atomic spectra, one of the principal 
services of the quantum theory has been to give a complete explanation 
of the highly complex molecular spectra. While the relatively simple line 
spectra of the atoms have given impetus to the development of the quan- 
tum theory, molecular spectra have only lately been taken in hand and 
could only be satisfactorily employed in conjunction with wave mechanics 
for determining the internal structure and the force fields of the molecule. 

The frequencies of an atomic spectrum may all be represented as 
differences in energy states of the atom, so that each of these states is 
characterized by a definite arrangement of the electrons in the atom, 
i.e. by a definite distribution of the negative charge density. A line is 
emitted if the atom passes from one state to another; its frequency is cal- 
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culated from the liberated energy difference AjB by the aid of the funda- 
mental equation 

AE 

h * 

In the molecule, the energy of a given state is determined not only 
by the distribution of the electrons but also by the particular state of the 
atomic nuclei building up the molecule. In addition to the energy of 
electron transition, there are energies involved in changing the states of 
oscillation and of rotation. This explains why the spectrum of a molecule 
consists of very many more lines than that of an atom. A mere glance 
shows that this is so, if one compares an atomic spectrum with a molecular 
spectrum; the former can properly be described as a line spectrum, the 
latter as a band spectrum. 

Experimental examination of band spectra has made extraordinary 
strides in recent years and a mass of experimental material has accumu- 
lated, which can be utilized profitably in regard to molecular structure 
flnly by the enlightening ideas of quantum mechanics. 

Generally, the frequency of any line of a molecular spectrum is due 
to the co-action of three energy contributions. First, in the emission of a 
line, the electron state of the whole molecule must be altered just as in the 
emission of a line of an atomic spectrum, liberating the energy AEi. In 
addition, however, the state of oscillation of two atomic nuclei of the 
molecule can also change by one or more oscillation quanta, thus liberating 
additional energy AE 2 ] this must be added to that of the electron transi- 
tion, with a positive or negative sign according to whether the molecule 
is passing from a higher state of oscillation to a lower, or vice versa. There 
is the final possibility of change in the state of rotation of the whole mole- 
cule or of one of its components, giving rise to a rotational energy AEz, which 
must again be added with the appropriate sign to the two earlier values. 
Thus, we should expect that the frequency of any individual line of a band 
spectrum may be expressed by an equation of the form 

r = ^ {AEi -f* AE 2 4“ AEi) 
h 

The energy changes in the electron transitions are of the order of magnitude 
of erg per atom, the corresponding frequencies {v ^ 10^® sec“^) 

i.e. in the ultraviolet or visible region; the energy differences for changes 
in oscillation state amount to erg per molecule, the frequencies 
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corresponding to them (v ^ 10^^ sec"”^) in the near infra-red. The change 
in energy of a molecule on assuming different states of rotation is, however, 
only of the order of erg per molecule; the pure rotation frequen- 
cies therefore occur in the wave length region of v sec”^ (far 

infra-red). 

If it is desired to observe molecules in the unexcited state, which is 
really assumed only on absorption, attention must be directed to oscillation 
and rotation frequencies and work must be done in the infra-red region. 
Actually, the accurate study of infra-red absorption spectra of simple 
molecules in the gaseous state has contributed information which has 
proved very informative and important in the interpretation of molecule 
spectra, and in the knowledge of molecular structure. 

If electron transition occurs as well, it is possible to make observations 
also in the emission spectrum. Owing to the larger energy quota liber- 
ated, the spectra shift into the visible or the ultra-violet. The investiga- 
tion is much simplified from the experimental point of view, because 
spectroscopically this region is much more easily accessible than the 
infra-red, but interpretation of the spectra is more involved and there ife 
the added difficulty that the molecule is always in a state of excitation. 
The result is that in complicated molecules — particularly organic — emission 
spectra cannot be analyzed because the particles are usually destroyed at 
once by the inevitable high temperature. 

The year 1926 brought the very important effect discovered by C. V. 
Raman^ and predicted a few years earlier by A. SmekaP on the basis of the 
quantum theory. Raman found that the oscillation and rotation spectra 
of molecules reveal themselves by the light which they scatter laterally. 
Whereas classical optics requires that light scattered laterally by a molecule 
must have the same frequency as the primary radiation, the experiment 
shows that other frequencies — displaced lines or Raman lines — appear in 
addition to the initial frequency. The differences in frequency between 
normal and displaced lines correspond exactly to the oscillation and rota- 
tion frequencies of the molecule and afford a relatively convenient means of 
measuring these magnitudes in the visible or ultra-violet regions instead 
of the much more difficult task of observing in the near or far infra-red. 
Upon looking at a Raman-spectrum of phenol or other organic substances, 
one can realize the possibility of measuring the shifted lines with consid- 
erable sharpness and certainty. 

Absorption spectra in the uifta-red, emission spectra in the visible 
and ultra-violet and Raman-spectra together provide the most important 

* C. V. Raman and K. S. Krishnan, Nature^ 121, 501 (1928). 

« A. Smekal, Naturwiss,, 11, 873 (1923). 
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experimental foundation for the analysis of the oscillation and rotation 
states of a molecule. In addition, specific heat and its dependence upon 
temperature also throw much light on oscillations and rotations of mole- 
cules. In recent years a very important development has taken place 
indicating the possibility of evaluating heat capacity measurements on 
organic molecules by introducing deuterium instead of hydrogen at certain 
positions in the molecules. This procedure has been applied particularly 
to elucidate the internal mobility of the ethylene and ethane molecules.'* 
In conclusion, it has been mentioned previously that interferometric 
measurement of molecules in the gaseous state, investigation of the total 
moments of larger molecules and evaluation of the degree of depolarization 
can yield information on the internal mobility of a larger structure, par- 
ticularly with regard to the more or less free rotatory power of molecular 
components about one another. 

It has been shown in discussing nuclear framework, that several meth- 
ods independent of one another and based on very different physical 
principles can give concordant results. It has thus been possible to 
approach one and the same problem from different angles and to secure 
good control of the individual results. This possibility is of the utmost 
value to the accuracy of the quantitative data. 

It is the same with internal molecular movements. Again there are 
several experimental methods available based upon different physical 
principles and the greatest possible use should be made of them to secure 
accuracy of the results by independent proof. 

2. Results 

a) Moments of Inertia^ Nuclear Distances and Dissociation Energies 

Among the experimental results prominence may be given to the 
determination of moments of inertia and dissociation energies from the 
investigation of molecular spectra, since these afford yet another important 
contribution to the geometry and energetics of the nuclear framework. 
In discussing Table 2 it was suggested that atomic distances in simple 

* E.g. J. R. Partington, Proc. Roy, Soc.y (A) 100 , 27 (1922); A. Eucken and F. 
Luede, Z. physik. Chem.y (B) 6 , 413 (1929); A. Eucken and A. Parts, Z. physik. Chem., 
(B) 20 , 161 (1933); A. Eucken and K. Weigert, Z. physik. Chem.y (B) 23 , 265 (1933); 
A. Eucken and A. Bertram, Z. physik. Chem.j (B) 31 , 361 (1936); J. B. Howard, J. 
Chem. Phys.f 6 , 442 (1937); K. Schafer, Z. physik. Chem., (B) 40 , 357 (1938); G. B. 
Kistiakowsky and F. Nazmi, J. Chem. Phys., 6 , 18 (1938); G. B. Kistiakowsky, J. R. 
Lacher and F. Stitt, J. Chem. Phys., 6 , 407 (1938); G. B. Kistiakowsky and W. W. 
Rice, J. Chem. Phys., 7, 281 (1939); G. B. Kistiakowsky, J. R. Lacher and F. Stitt, 
/. Chem. Phys., 7, 289 (1939); F. Stitt, J, Chem. Phys., 7, 297 (1939). 
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molecules can be ascertained also from band spectra. The method pro- 
ceeds from the discussion of the rotation lines and is useful for determining 
the moment of inertia I. For diatomic molecules this is connected with 
the masses mi and* m 2 of the atoms and with their nuclear distance d 
by the equation 


mi • m2 
mi + m2 


• (^2 


(13) 


If the masses are known, the nuclear distance can be calculated. A few 
nuclear distances ascertained in this way are tabulated in Table 18. 
Generally, complete evaluation of rotation fine structure of a molecular 

TABLE 18 


Nuclear Distances and Dissociation Energies 


Molecule 

N uclear 
distance 
in A 

Dissociation energy 

Molecule 

Nuclear 
distance 
in A 

Dissociation energy 

V 

cal. 

V 

cal. 

H 2 -^ . . . 

1.070 

2.62 

60,260 

OH... 

1.12 

3 5 

80,500 

H, 

0.749 

4.454 

102,442 

Nil 

1.08 

4.2 

96,600 

HD. 

0.748 

— 

— 

OH .. 

0.964 

4.4 

101,200 

L12 

2.670 

1.14 

26,220 

HE 

0.864 

— 

— 

Na 2 

3.07 

0.76 

17,480 

HCl 

1.272 

4.40 

101,200 

N2 

1.094 

7.35 

169,050 

HBr 

1.410 

— 

— 

P2 

1.88 

5.008 

115,184 

HI 

1.617 


— 

02 

1.204 

5.09 

117,070 

CO 

1.13 

9.6 

220,800 

S2 

1.603 

4.45 

102,350 

NO .. 

1.146 

5 3 

121,900 

F2 

1.3 


— - 

SO 

1.489 

5.053 

116,219 

CI2 

1.983 

2.468 

56,764 

cs. .. 

1.532 

<7.7 

<177,100 

Br 2 

2.28 

1.961 

45,103 

CN 

1.169 

6.7 

154,100 

I2 

2.660 

1.535 

35,305 

LiH .. 

1.6 

2.47 

56,810 


spectrum is achieved only in di- and tri-atomic molecules. The agreement 
between band spectroscopic and interferometric atomic distances has 
already been emphasized. 

It may be observed here that inferences may be drawn from the rota- 
tion fine structure of molecular spectra, using equation (13), regarding 
the presence and proportions of isotopes, a circumstance that led to the 
discovery of the isotopes of nitrogen and oxygen.^ 

In addition to this geometrical evidence, the band spectra allow further 
conclusions regarding the dissociation energy of di-atomic molecules. 
We proceed from the oscillation spectrum which, for large oscillation 

® See W. F. Giauque and H. L. Johnston, Nature, 123, 318, 831 (1929); also S. M. 
Naud6, Phys. Rev., 34, 1499 (1929); 36, 333 (1930). 
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differences, is known to lose its intensity gradually and finally to disappear. 
At the point at which the oscillating spectrum vanishes, the molecule is 
obviously no longer capable of oscillation. If an amount of energy is 
added to it which corresponds to the distance of the vanishing point from 
the original position — the so-called convergence position— the molecule 
will be dissociated. Thus the dissociation energies of simple molecules 
can be deduced by ascertaining directly or by calculation the convergence 
position of band spectra. 

Table 18 gives a few relevant data to which are added in Table 19 
some data determined thermally for purjioses of comparison. It is evident 
that the two entirely different methods gave concordant results. Atten- 
tion may be called to the point that the nuclear distances and dissociation 
energies of structures such as HJ, HD, Li 2 , CH, NH, OH, etc. can be 
investigated in this way; these cannot in the ordinary chemical sense be 


TABLE 19 

Some Thermally Measured Heats of Dissociation 


Molecule 

D in cal. 

Molecule 

D in cal. 

Molecule 

D in cal. 

II 2 

95,000 

Na2 

16,800 

Br^ 

46,200 

Li2 

23,400 

CI 2 

57,000 

Is 

35,670 


claimed to be in any way stable molecules. The possibilities mentioned 
are less applicable to organic substances because they give satisfactory 
results only on very simple molecules. 

6) Natural Vibrations and Group Frequencies 

The aim of molecular spectrum analysis is to reduce the vibrations 
observed in the infra-red, visible and ultra-violet band spectrum as well as 
in the Raman spectrum to a definite model locating exactly the individual 
atomic centers of mass on the one hand, and specifying quantitatively 
the forces between the constituent atoms on the other. The former object 
is relatively easy to attain from data on inter-nuclear distances and valence 
angles, while the latter is a difficult problem as yet unsolved. In inter- 
preting band spectra, we have assumed that, among all the atoms of a 
molecule, including even those not directly united, forces interact which 
depend only upon the distances separating the atoms. 

This central force system^ which has been used, for example, by D. M. 
Dennison® and in which the potential energy of the molecule retains a 

® D. M. Dennison, Rev.y 41 , 304 (1932); Proc. Roy. Soc. London^ 148 , 250 

(1935). 



46 


THE INTERNAL MOTIONS OF MOLECULES 


relatively simple form, is not, however, in keeping with experimental 
results. 

Accordingly, N. S. Bjerrum’ has proposed an alternative theory. As s 
first approximation, in describing the internal molecular field of force 
he assumes that forces dependent upon distance exist only between directl}' 
united atoms; in addition he introduces elastic forces which resist changes 
in the valence angle. The chemical forces are, therefore, defined by twc 
elastic constants, in this concept of valence force. One of them corre- 
sponds to a tension in the main valence direction, the other to a deflection 
of the bond perpendicular thereto. It is clear that this theory is particu- 
larly well suited to the internal field of organic molecules; actually i1 
has proved valid even for complex molecules, giving results which shov 
reasonably good agreement with the experimental evidence. 

Generally, greater forces are required to stretch a primary valence 
lengthwise than to deflect it from its normal direction. Preliminary 
information has already been reported in Table 10 and in the text on page 
18 regarding the energy relationships; the natural vibrations allow the 
presentation of more definite evidence. 

K. W. F. Kohlrausch® and R. Mecke,® who have sought to establisl 
a clear relationship between the natural vibrations of a molecule and the 
valence forces, start out from the simplest case of a diatomic structure 
which undergoes harmonic oscillations of frequency v. In this case the 
mean force / required to pull the molecules apart — termed by Kohlrauscl 
the spring force — ^is connected^® with the reduced mass /x and the frequency 
by the relation 

/ = 24,0 X lO-'V^ 

Another measure for the elasticity of a linkage under tensile stress has 
been introduced by R. Mecke in the so-called bond constant k; this indi- 
cates the amount of work required to double the distance between the 
atomic nuclei in the molecule, assuming the validity of Hooke's law ovei 
the whole region. The bond constant is defined by the equation 

k = 27rVVS 

ro =» nuclear separation in the position of rest. 

7 N. Bjerrum, see especially in K. W. F. Kohlrausch, Der Smekal-Raman-Effekt 
Berlin 1938, p. 62 et seq. ; J. H. Hibben, Chem. Rev.j 18, 1-232 (1936); J. H. Hibben 
The Raman Effect, New York 1939. 

* K. W. F. Kohlrausch, loc. cit. pp. 53 et seq. 

® See e.g. R. Mecke, Z. Physik, 104, 291 (1936). 

See e.g. K. W. F. Kohlrausch, Der Smekal-Raman-Effekt. Berlin 1933; J. H 
Hibben, Chem. Rev., 18, 1 (1936). 
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The two terms / and fc, serving as characteristic constants for the nuclear 
distance in the position of rest or for the dissociation energy of the mole- 
cule concerned, afford very considerable insight into the play of forces. 

Table 20 shows, for example, that the single, double and triple linkage 
between C, N and O, the work of separation of which has already been 
given in Table 18, have f values which are almost exactly in the ratio 
1:2:3; the same is true of their k values. Table 21 provides a very con- 
vincing example of the fact that the constants characteristic of different 

TABLE 20 


Characteristic Constants of the Different Carbon, Nitrogen and Oxygen 

Linkages (Mean Values) 


Type of linkage 

Frequency v 
in cm"i 

Distance r in 

k 

Bond constant 
k 

Average force 
to pull apart 
/XIO* 

X^X 

2200 db 120 

1.1 -1.1 

79 ± 6 

6.25 

x=x 

1650 ± 140 

1.2 -1.35 

54 ± 6 

4.18 

X— X 

1025 180 

1.35-1.52 

27 db 7 

2.17 


TABLE 21 


Constants of the X=X-,X=X- and X — X-Linkagb 


Linkage 

Frequency p 
in cm~i 

— « 

Nuclear dis- 
tance in A 

Bond constant 
k 

Average force 
to pull apart 
/X 10* 

N^N 

2360 

1.10 

85 

7.14 

C=0 

2162 

1.15 

77 

.6.28 

0-0 

1577 

1.20 

53 

4.14 

H20=cn2 

1623 

1.30 

54 

3.88 

F— F 

1140 

1.27 

37 

— 

Cl—Cl 

560 

1.98 

40 

1.32 

Br— Br 

327 

2.28 

40 

— 

I— I 

214 

2.66 

38 

— 

I— Cl 

383 

2.31 

39 

— 


types of linkage lie within very narrow limits, even though the vibrational 
frequencies are fairly far apart and the nuclear distances very different 
from one another. Obviously the fields of force, which, in different 
molecules, produce the double bond sometimes between C and C, at other 
times between C and O or C and N, are very nearly allied to one another 
and the potential curves which represent the energy as a function of dis- 
tance are similar to each other. 

Figure 5 shows the potential curve of the 0 = 0 linkage plotted from 
the vibration spectrum. The abscissa measures the distance between the 
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two atomic centers of gravity and the ordinate the (negative) energy of 
the molecule (in cm-^ I large forces of separation or high bond constants 
denote that the radius of curvature of the potential curve is small in the 
neighborhood of the equilibrium position, so that the potential trough has 
steep walls; this causes a high frequency vibration. Figure 6 gives in one 
diagram potential curves for the single, double and triple linkage; in this 
the various nuclear distances, work of separation and bond constants can 
be conveniently compared. 



Fig. 5. Potential curve for the O 2 , molecule. Energy in cm h 


If the dFatomic vibrational structure considered up to now is incor- 
porated in a larger molecule, its vibrational frequencies and consequently 
its characteristic constants will be changed by the interactions newly 
brought into play. Initially, it is quite impossible to foretell the extent of 
the change and whether, within a large molecule, the physical identity 
of any individual linkage will be entirely lost. Experiment shows however 
that this is not the case. Although substituents attached to the mutually 
vibrating atoms exert a definite effect on frequency, this varies within 
moderate limits and is generally not very important even in a complex 
molecule, particularly in systematic investigation of homologous and 
analogous series. This fact, which is of special consequence in the applica- 
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tion of vibration analysis to or- 
ganic chemistry is brought out by 
Table 22 which shows the influence 
of different substituents on the 
CH-frequency. 

The same holds for other link- 
ages so that it is legitimate to 
speak of group frequencies, whose 
appearance in the spectrum indi- 
cates the presence of a definite 
atomic group in the molecule. 

Table 23 gives a series of such 
group frequencies; the influence 
of the various substituents is again 
readily seen. 

The possibility of applying this 
relationship to high polymeric sub- 
stances is exemplified by recent 
work of Signer and Weiler^^ and of 
Mizushima, Morino and Inoue^^ who followed the polymerization of styrene 
with the aid of the Raman spectrum. Monostyrene has a very beautiful 
and easily measured Raman spectrum in which the frequency of about 


TABLE 22 

Influence of Constitution on the C~H-Frequency 


1 

Molecule 

Frequency 

Molecule 

Frequency 

HCOCCla. 

2867 

HCCI3 

3018 

HCO.NH2 

2882 

HCBra 

3021 

H CO H . 

2945 

H-CeHs ... . 

3050 

HCOOH. 

2951 

C 1 HC=CHC 1 . 

3078 

CI2HCCHCI2 

2984 

CLC^CHCl 

3082 

CI3CCHCI2 

2985 

0 

III 

0 

3213 

BrzHC-CHBra 

2986 

IIC^CH 

3320 



1630 cm“^ due to the aliphatic double bond is very clearly observable 
beside that of the aromatic bond of about 1600 cm“^ The ratio of the 
intensities is about 2:1. If now the substance is polymerized, this ratio is 
displaced gradually in favor of the aromatic frequency 1600 cm“^, until 

R. Signer and H. Weiler, Helv, chim. Acta^ 16, 115 (1932). 

S. Mizushima, Y. Morino and R. Inoue, Bull. Chem. Soc. Jap., 12, 136 (1937). 
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ultimately in high polymers nothing further is to be seen of 1630 cm”^ 
The Japanese authors named have found an intensity ratio 1:5 for a 

TABLE 23 


Group Frequencies. R = C«H2n-|.i; Ar = CeHs 


Group 

Frequency 
in cm“i 

Molecule 

Group 

Frequency 
in cm“i 

Molecule 

C— I 

^480 

RsCI 

C =0 

1650-1800 

Various 

C— I 

--490 

R2HCI 

N -=0 

--1640 

RONO 

C-I 


R-H2C-I 

C—C 

1621 

H2C=CH2 

C-I 

522 

H3CI 

C==C 

^1642 

RHC=CH2 

C— Br 

^510 

RsCBr 

o=c 

--1658 

RHC==CHR 

C— Br 

^530 

RaHCBr 



cis 

C— Br 

-^560 

RHaCBr 

? 

0 

--1674 

RHC-CHR 

C— Br 

594 

HsCBr 



trans 

C— Cl 

--570 

R3CCI 

c=c 

1676 

R2C=-CR2 

C— Cl 

^610 

R2HCCI 

c^c 

1973 

HC^CH 

C—Cl 

^650 

RH2CCI 

c^c 

--2118 

RC=CH 

C— Cl 

710 

H3CCI 

c=c 

-^2235 

R.C=CR 

C-C 

750-1100 

Open chains 

C^N 

^2245 

R-C=N 

C— C 

992 

H3CCH3 

C— H 

2700-3000 

RCH3 

C-C 

802 

Cyclohexane 

C— H 

3000-3100 

C=CH2 

C-C 

886 

Cyclopentane 

C-H 

3113 

HCN 

C-C 

-^960 

Cyclobutane 

C-H 

--3310 

6 

111 

0 

s 

C-C 

1184 

Cyclopropane 

N— H 

3310-3370 

RNH2 

C— OH 

1032 

H3COH 

N— H 

--3330 

R2NH 

C— NH2 

1037 

H3CNH2 

N— H 

^-3335 

C=NH 

O-N 

1560-1660 

Various 

0 -H 

--3400 

ROH 


TABLE 24 

Fundamental Vibrations of the CO2 Molecule 


0 

— V 

C 

0 

0 

C 

V"" (jk 

0 




0 

t 

*■“7 U 

0 

i 


i ‘ 

Wave length in 
cm times l(r*« 

7.65 

4.267 

14.78 

Frequency 
in cm"i 

1322 

2363 

667.9 

Character 
of the vibration 

a. Symmetrical 

b. Asymmetrical 

c. Asymmetrical 


product in a moderate state of polymerization and have calculated from 
it an average polymerization degree of 10 (Mol. wt. 1040). Cryoscopic 
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determination indicated 1150. They deduced from their experiments also 
the presence of molecular grouping in benzene-solution. Determination of 
the average degree of polymerization of very highly polymerized substances 
is, of course, not easy by this means, but it may be possible to measure very 
low intensities by a special experimental arrangement. Similar experi- 
ments have been carried out by Monnier, Susz and Briner^® who followed 
the polymerization of acrylic ester with the aid of the Raman effect and 
by R. H. Kienle^^ and his coworkers, who applied the infra-red absorption 
spectrum and succeeded in getting a very good insight into the condensa- 
tion of glycerol and dicarbonic acids. 

We will now turn our attention to break or kink vibrations which are 
produced by a rapid succession of increases and decreases in the valence 
angle. It is to be expected from the evidence of Table 5 that much smaller 


TABLE 25 

Frequencies, Elasticities and Nuclear Distances of 
Diatomic Molecules 


Molecule 

Frequency 

/ X io-» 

r 

in A 

Molecule 

Frequency 

/X 10-^5 

in A 

H-H 

4405 

5.68 

0.75 

HI 

(2323) 

3.14 

1.62 

H-D 

3817 

5.68 

0.75 

Cl -Cl 

565 

3.32 

1.98 

D-D 

3117 

5.68 

0.75 

0 : 0 

1579 

11.7 

1.22 

H-F 

4141 

9.55 

0.92 

N : 0 

1907 

15.9 

1.15 

H-Cl 

2989 

5.06 

1.27 

C ; 0 

2181 

19.1 

1.15 

H-Br 

2650 

4.06 

1.41 

N : 0 

2359 

22.8 

1.09 


forces are operating here and hence lower frequencies will be observed 
This is in fact the case. 

Table 24 represents the vibration spectrum of CO 2 ; it consists of two 
valence vibrations and one break vibration; the frequency of the latter is 
considerably lower than that of the two former; the same holds for the 
deformation vibrations of water. The lower frequencies point to smaller 
values for the force of deformation compared with the force of separation. 
This is shown in Tables 26, 26 and 27, in which data for a series of diatomic, 
of branched triatomic or polyatomic molecules are tabulated; in every 
instance, the force of deformation d is considerably smaller than the va- 
lence force /. The nuclear distance and the valence angle in the rest posi - 
tion are also inserted. A few data for pyramidal molecules are given in 
Table 28, and for tetrahedral in Table 29. 

D. Monnier, P. A. Susz and E. Briner, Helv, Chim, Acta, 21, 1349 (1938). 

R, H. Kienle, P. A. v. d. Meulen and F. E. Petke, in press. 
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The deformation constants are also influenced by substituents and in 
larger molecules they lose their simple and precise meaning. Passing 


TABLE 26 

Valence Forces, /, Deformation Forces, Valence Angle a and Nuclear 
Distances r of Forked Triatomic Molecules 


Molecule 

/ 

d 

a 

in A 

(>»S=0 

9.56 

1.60 

--120° 

1.46 

H—0— H 

7.55 

1.37 

105° 

0.96 

D— 0— D 

7.75 

1.38 

105° 

— 

H— S--II 

3.91 

0.90 

92° 

1.35 


TABLE 27 

Valence Forces, Deformation Forces, Valence Angle and NuclearDistances 
OF Triatomic Symmetrical Chains 


Molecule 

1 2 3 

/ 

d 

a 

■’’'h 

jn A 

ILC- 0 -CHa 

4.53 

0.68 

116° 

1.43 

HsC-NH -Cllg 

4.24 

0.64 

114° 

1.48 

Cl-CHj-Cl 

2.61 

1.09 

0 

oc 

0 

1.8 

Br-CHj Br .. 

2.13 

0.82 

113° 

2.0 

LCHrl j 

1.76 

0.55 

114° 

2.2 


TABLE 28 


Valence Forces, Deformation Forces, Valence Angle and Nuclear Distances 
FOR Pyramidal Molecules XY3 


Molecule 

/ 

d 

a 

in A 

NHs 

7.09 

1.36 

108° 

1.01 

PHs 

3.36 

0.75 

0 

0 

0 


AsHs 

2.80 

0.53 

96° 

— 

PFa 

4.56 

2.14 

100° 

1.64 

AsFa . 

3.90 

0.80 

97° 

1.80 

PCls. . . .. 

2.11 

0.62 

102° 

2.14 

AsCla . . 

2.01 

0.46 

96° 

2.24 

SbCL . 

1.75 

0.34 

94° 

2.30 

BiCL 

1.17 

0.20 

93° 

2.46 

PBra. . 

1.62 

0.54 

0 

0 

2.31 


finally to longer, open, hydrocarbon chains — again important in respect to 
high polymers — the vibration spectrum changes very greatly at first but 
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later rather less. Fig. 7 illustrates this fact. The deformation frequencies 
of the C—C linkage lie in the region of 400 cm“^ for the lower members, the 
valence frequencies between 700 and 1100 cm~^; between 1100 and 1500 
cm~^ we find the break frequencies of the C— H bond and above this 
(due to the small mass of the H-atom) the valence vibrations of this 
bond. Enlargement of the molecule causes a significant lowering of the 
break frequency of the chain, so that the length of the chain may be 
estimated directly from its position. The number of the lines appearing is 
difficult to reconcile with the existence of a plane zig-zag chain and suggests 
that the molecule possesses partially free rotatory power which produces 
all kinds of configurations of the chain. 

Thus we pass gradually from the sharp high frequency vibrations of 
the primary valence bonds by way of the break vibrations into the region 

TABLE 29 


Valence Forces, Deformation Forces and Nuclear Distances for 
Tetrahedral Molecules 



/ 

d 

in A 

CH 4 . . . 

4.75 

0.814 

1.1 

CC 14 . 

1.89 

0.348 

1.76 

SiCU. . 

2.72 1 

0.206 

2.1 

TiCL 

2.48 

0.110 

2.3 

8nCl4 

2.35 

0.110 

2.3 


of internal molecular motions corresponding to the transition from slow 
vibrations to moderately hindered rotations. We will discuss this matter 
again later in the light of information derived from specific heats, electron 
diffraction and measurement of the electric moment. 

c) Internal Molecular Potential and Free Rotation 

Since the time of Van T Hoff, the principle of free rotation around 
the single C -C bond has been a cornerstone of stereochemistry in organic 
molecules; it must be invoked to understand why it is impossible to 
prepare a large number of isomers which could exist were it not valid, 
and by its aid to harmonize theory with experience. It is very remarkable 
that, in this respect, as well as in those of constant valence distance and 
deformability of valence angle, organic chemistry has evolved the correct 
answers merely through intuitive grasp of general relationships. In conse- 
quence, its more modem development consists largely of adding quanti- 
tative data and putting finishing touches to the picture already drawn 
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Fig, 7. Raman spectra of homologous compounds of the aliphatic chlorinated 
hydrocarbon series (frequencies in cm~^). One observes that comparing spectra of 
2a to 10a the lines belonging to the valence frequencies are fixed in the same 
place, while the break frequency lines (around 400) are shifted. 

considerable quantity of data affording accurate ideas on the motions of 
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It will be convenient to discuss first the conditions obtaining in the 
simplest appropriate compound — ethane — passing on to more complex 
conditions and finally to the behavior of high polymeric substances in so 
far as this is possible. 

The first purely empirical assumption of organic chemistry regarding 
free rotatory power around the simple C — C, C — O, or C — N bond has 
received full confirmation by the quantum mechanical theory of homo- 
polar primary valence. Analyses of this bond carried out in conjunction 
with London and Heitler,i® by Pauling/® Slater^ ^ and especially by E. 
Hiickeh® show that both the valence electrons causing cohesion of the 
atoms form a charge cloud, which exhibits rotational symmetry with 
reference to the line joining the atomic nuclei. Nothing prevents free 
rotation of the two atoms of the C — C linkage round this axis, any position 



Fig. 8. Internal molecular potential of ethane; energy in Cal. per mol 
as function of the azimuth^; calculated by H. Eyring 


taken up by them in the course of rotation being equal in energy value 
to any other. 

Conditions change if the three valences of the two atoms hitherto as- 
sumed free are saturated by substituents — perhaps by H atoms — because 
these can exert forces of attraction and repulsion on one another, whose 
potential depends upon the angle of inclination, <^, which the two methyl 
groups make with each other. Molecular mechanics does not allow of an 
exact calculation but only of a more or less rough estimate of this potential. 
Eyring^® has summarized the results of his studies in a diagram reproduced 
in Fig. 8, in which the total internal potential of the ethane molecule is 
expressed as a function of the azimuth (p of the methyl groups capable 

15 F. London and W. Heitler, Z. Physik, 44, 455 (1927). 

15 L. Pauling, Phys. Rev,, 40, 891 (1932). 

17 J. C. Slater, Phys. Rev., 38, 1109 (1931). 

18 E. Htickel, Z. Physik, 60, 423 (1930); 70, 204 (1931); 76, 628 (1932). See also 
particularly R. S. Mulliken, Phys. Rev., 41, 751 (1932) and furthermore R. S.Mulliken, 
J. Chem. Phys., 7, 14, 20, 121, 339, 353, 356, 364 (1939). 

H. Eyring, J. Am. Chem. Soc., 64, 3191 (1932 j. , 
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of rotation about one another. In the zero position represented diagram- 
matically in Fig. 9a, the two H atoms of each of the methyl groups lie 
directly over each other and induce a potential maximum. If ip is now 
increased, i.e. the two groups are rotated about each other, the potential 
falls and a minimum is reached at = 60®, corresponding to a state of 
stable equilibrium. The H atoms of the two methyl groups are now stag- 
gered with reference to each other and the molecule seen in the direction 
of the axis exhibits the form of Fig. 9b. On further rotation a peak of 

potential recurs, then a trough and so on. Thus 
there are three stable positions at which, due 
to molecular symmetry, the minima are equal 
in value and have the same form. 

If the energy difference between the maxima 
and minima of the potential curve is large com- 
pared with the energy of thermal motion, three 
stable isomers exist which can be transformed 
only very slowly into one another, if at all, and 
which in the present case would naturally be in- 
distinguishable because of the identity of the H 
atoms in the methyl groups. We cannot, there- 
fore, speak of free rotatory power in this in- 
stance, although the actual structure of the C — C 
bond allows of it; there are the van der Waals 
forces between the substituents which would 
not permit this natural movement. A glance 
at the figure shows, however, that the troughs 
are only about 300 cal. per mol deep. The 
average kinetic energy of one degree of freedom, 
Yi RT, per mol, amounts to just the same at 
room temperature, so that it is quite sufficient 
to overcome the small energy thresholds opposed to the free rotary 
power by the internal molecular potential and to enforce the rotary 
power. The main effect will be that the velocity of rotation is not uni- 
form but that the methyl groups will rotate around each other with 
periodically variable velocity. No kind of isomerism phenomenon can 
occur. 

It seemed, at first, as if these purely theoretical findings would be con- 
firmed experimentally by some researches of Eucken and his collaborators^® 

20 A. Eucken and A. Parts, Z. physik. Chem.j (B) 20, 184 (1933); A. Eucken and 
K. Weigert, Z, physik. Chem.^ (B) 23, 276 (1933); E. Bartholom6 and J. Karweit, 
Z, physik. Chem.f (B) 89, 1 (1938); J. Karweit and K. Schafer, Z. physik. Chem., 
(B) 40, 367, 382 (1938). 


« 



Fig. 9a Fig. 9b 

Fig. 9a. For ^ = 0 the H 
atoms of both methyl 
groups lie directly over one 
another in the three planes 
drawn. 

Fig. 9b. Ethane molecule 
for ip — 60° seen parallel 
to the C — C bond ; the 
methyl groups are rotated 
about one another and the 
H atoms are no longer 
directly above one another, 
but staggered. 
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in which a potential difference of 315 cal/mol between energy peak and 
energy trough has been deduced from the curve of specific heats at very 
low temperatures. Even the lowest vibrational state of the ethane mole- 
cule required by the zero point energy fills up the trough half way at 
ip = 60°, 120° and 240°; the next state lies high above the apices of the 
separating energy thresholds. Since, at room temperature, about 50% 
of all molecules assume the lowest state, while the other 50% are in higher 
states, it is evident that half the molecules can always rotate freely; 
consequently, by reason of the rapid energy interchange between the 
individual particles, a vibration about one of the equilibrium positions 
postulated in Fig. 9a can be only of extremely short duration (ca sec.) 
and is immediately dissipated by rotation. 

In recent years, however, a new experimental attack has been introduced 
into the study of the ethane molecule by G. B. Kistiakowsky and his co- 
workers.21 This is the use of deuterium instead of hydrogen. If one 
investigates the spectra and the heat capacities of C 2 H 6 and C 2 D 6 and 
compares the results, a much better insight into the conditions can be 
reached. In a series of very careful experiments it could be shown that 
the general features of the potential curve given in figure 8 are correct, 
but that the energy difference between the maximum and minimum value 
amounts to about 2750 cal. per mol instead of 300. 

The shape of the potential curve can be represented by 

£' = i £'0 (1 — cos 3v?) 

Eo being of the order of magnitude of 3 X 10^ cal. per mol. 

As far as can be concluded up to date from the vibrational spectrum 
of C 2 H 6 and C 2 D 6 the most probable configuration is that of a staggered 
molecule as shown in Fig. 9b. The energy barrier, which hinders the free 
rotation, is about 3000 cal high. 

This indicates that under normal conditions torsional vibrations around 
the molecule axis are carried out, with occasional jumps over the potential 
barrier. 

We will now assume that one hydrogen atom in each methyl group is 
replaced by Cl and consider the conditions in s-dichloroethane. In the 
presence of polar Cl atoms, the dipole method may be used successfully. 

« J. B. Howard, J, Chem, Phys,, 6, 442 (1937) ; B. L, Crawford, W. H. Avery and J. W. 
Linnett, /. Chem. Phys., 6, 682 (1938); G. B. Kistiakowsky and F. Nazmi, J. Chem, 
Phys,f 6, 18 (1938) ; G. B. Kistiakowsky and W. W. Rice, J. Chem. Phys., 7, 281 (1939) ; 
G. B. Kistiakowsky, J. R. Lacher and F. Stitt, J. Chem. Phys., 6, 407 (1938) ; J. Chem. 
Phys., 7, 289 (1939); F. Stitt, /. Chem. Phys., 7, 297 (1939). 
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On purely geometrical grounds the idea is as follows: There exist two 
preferred positions; the cis-position in which both Cl atoms lie in one plane 
with the nuclear linkage and on the same side of it, and the trans-position 
in which they are opposite to one another; on rotation around the single 
C — C bond, the two states become identical; such isomers have been 
termed rotation isomers by K. L. Wolf.^^ Smyth has calculated the 
variation of internal molecular potential for this case (see Fig. \0)]ip = 0® 
is the cis-, (p = 180°, the trans-position. The curve shown has been ob- 
tained by making definite assumptions regarding the position of the dipole 

TABLE 30 


Distribution of Molecules to the Various Energy States 
IN Dichloroethane 


Energy state 

Energy X 

10"M erg 

Number of Molecules 

for 223** abs. 

for 323*’ abs. 

0 

0.09 

100 

100 

1 

0.28 

94 

96 

2 

0.47 

89 

92 

3 

0.66 

83 

88 

4 

0.84 

78 

85 

5 

1.03 

74 

81 

6 

1.22 

69 

78 

7 

1.41 

65 

75 

8 

1.59 

61 

71 

9 

1.78 

58 

68 

10 

1.96 

54 

66 

20 

3.76 

30 

44 

30 

5.47 

17 

30 

40 

7.12 

10 

20 

75 

12.18 1 

2 

6 


moments in the molecule, and this is open to certain objections. How- 
ever, we shall not go further into this now, because, by and large, the 
relationships are probably valid.^^ We see that the cis-position is un- 
stable (due to the repulsion of the Cl atoms), but the trans-position is 
stable; the energy difference is about 2000 cal. per mol, which is consider- 
ably greater than the mean kinetic energy available, on the average, to 
one degree of freedom. We must therefore expect slow torsional vibra- 
tions of greater amplitude about the trans-position; their frequency is 
estimated according to H. A. Stuart at about 10®-10^° per sec. 

**K. L. Wolf, Leipziger Vortrdegey Leipzig 1931, p. 1. 

See H. A. Stuart, Molekiilstruktur, Berlin 1934, pp. 92 et seq. 
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By applying the potential curve of Fig. 10, Smyth and his co-workers*^ 
have calculated the distribution of molecules between the different states 
and have obtained the data tabulated in Table 30 for two different temper- 
atures. A comparison with Fig. 10 shows that at rpom temperature only 
about 4 molecules are in the 75th energy state (as compared with 100 in 
the position of rest) which is not sufficient to overcome the energy peak 
of the cis-position. It is only seldom, therefore, that the vibration in a 
molecule completes the cycle, i.e. passes from the trans-trough over the 
cis-peak again into the trans-position. We have here a case of consider- 
ably impeded rotation. The molecule must not, however, be regarded as 
a rigid trans-model. It is rather a case of internal mobility characterized 



Fig. 10. Internal molecular potential of symmetrical dichloroethane. Energy in 
ergs per molecule as a function of the azimuth 

V? — 0 and 360'’ cis-position, 

ip — 180® trans-position. 

by slow and long vibrations about this position accompanied by occasional 
transitions over the barrier.*® 

Stuart*® has made very interesting calculations with a number of di- 
substitution products of benzene; he starts from the various possible 
interactions of the substituents and calculates the internal molecular po- 
tential of the whole molecule; this is then compared with the deviations 
of the heats of combustion of the compounds from the additivity rule, with 
the result that considerable repulsion potentials are shown by the ortho- 
compounds, which practically disappear in the meta- and para-derivatiyes. 

The results are particularly interesting in the xylenes where an internal 

24 c. P. Smyth, R. W. Dornte and E. B. Wilson, J, Am, Chem. Soc,, 63, 4242 (1931). 

28 A. Turkevitch and J. Y. Beach, J, Am, Chem, Soc.j 61, 3127 (1939). 

26 H. A. Stuart, Phys, Rev,, 38, 1372 (1931). 




60 


THE INTERNAL MOTIONS OF MOLECULES 


molecular potential of about 3000 cal/mol is obtained from the difference 
in observed values for the o- and p- compounds respectively. Translated 
to butane, this means that— as in ethane and dichloroethane — the cis- 
position (see Fig. 11) is unstable while the trans-position with an amount 
of 2-3000 cal. per mol seems preferred. Here we have highly restricted 
free rotation, i.e. long, slow vibrations around the trans-position. 

Similar results have been obtained with ethers and ketones, to which 
Stuart^^ has applied the Kerr constant and the degree of depolarization 
with great success, for elucidating experimentally the question of the shape 
of these molecules. In diethyl ether the preferred position is denoted by I 
in Fig. 12; around this slow torsional vibrations of large amplitude (^70°) 
take place, hence it is possible that other stable systems exist besides that 



Fig. 11 Fig. 12. I = preferred position 

I = trans-positionl of normal of the diethyl ether molecule 

II = cis-position / butane after H. A. Stuart, 

after H. A. Stuart. 

shown in Fig. 12. The same is true for diethyl ketone and for the di-n- 
propyl ethers, etc. 

The Raman effect affords interesting and important information on the 
question of free rotatory power. According to Kohlrausch,^^ it is to be 
expected that a continuum of configurations of a molecule having equal 
energies should give rise to a band in the Raman spectrum and that 
inhibited rotation must lead to a broadening of the Raman lines. Actually, 
diffuse Raman lines have been observed in different cases, which accord 
with a high internal mobility of the given molecule. On the other hand, 
however, a very thorough investigation of numerous mono-chlor paraffins 
in the liquid state has produced results which are not entirely in harmony 
with the existence of a single stable trans-position and vibrations about it. 

H. A. Stuart, Z. Physik, 63, 533 (1930); Ann. Physik, 18, 121 (1933). 

K. W. F. Kohlrausch, Der SmekaURaman-Effekt; Ergdnzungshand. Berlin 1938; 
p. 155; see specially the details, ibid pp. 169 et seq. 
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Frequently, other symmetrical arrangements seem to be preferred in addi- 
tion to the plane trans-configuration of the chain, particularly in larger 
molecules such as C 10 H 21 CI and the like. When we remember, that 
particles are involved which, in the liquid phase, are subject to very intense 
interactions and which are derived from that group of substances which 
tend to form molecular aggregates, we should refrain at the outset from 
comparison with results obtained in the gaseous state or in dilute solution. 
It will be convenient to consider these results only in the discussion of the 
liquid state (see p. 177). 

If we are particularly concerned with the study of chain molecules, the 
following experiments must be specially mentioned which, by the aid 
of electron deflection and dipole moment, have contributed very important 
information on the mobility of these molecules. 

R. Wierl^® has investigated the vapor of normal hydrocarbons up to 
hexane by the aid of electron deflection and in them has found only 
two interferometrically effective distances (1.4 and 2.5 A). This means 
that the chains possess such high mobility — not necessarily absolutely 
free rotatory power— that all greater distances capable of occurring 
between separated C atoms are not sharp and, therefore, do not appear 
in the diagram. Measurements on the vapor of 1 , 5-dichloropentane 
also point to the flexibility of the chain. In a rigid chain we should 
expect a distance of 5 to 7 A between the two chlorine atoms, which would 
certainly give definite interference in the neighborhood of the primary 
beam because of the high scattering power of chlorine. In spite of careful 
search, however, such a value could not be found. Recent experiments of 
L. Pauling^® on a whole series of chlorinated and brominated long chains 
(up to Cio) have confirmed WierFs findings and have placed the idea of 
a certain internal mobility in the normal paraffin chain on an experi- 
mental basis. 

We should not, of course, think figuratively in terms of models made 
of wooden spheres connected by wire rods which have so long been fondly 
used for spatial demonstration of the problems in stereochemistry. They 
do demonstrate very well the symmetry relationships and the cases of 
possible isomerism, but they give an entirely inaccurate picture of the 
actual space packing and of the mutual hindrance caused by adjacent links 

29 R. Wicrl, The Interference of Electrons] edited by P. Debye; London 1931, p. 13; 
Ann. Physik, 8, 521 (1931); 13 , 453 (1932). Cf. also H. de Lazio, Nature, 181 , 803 
(1933). 

L. Pauling and L. 0. Brockway, J. Chem. Phys., 2, 8671 (1934) ; J. Am. Chem. Soc., 
67 , 2684, 2693 (1935), 
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in the chain. Actual conditions are much more conveniently illustrated by 
the use of the wooden models, as used by E. Mack or H. A. Stuart, and 
marketed by the Fisher Scientific Company, which give within the bounds 
of possibility, a very good representation of the conditions obtaining. A 
long non-substituted paraffin chain has about the shape, internal mobility 
and softness of a large caterpillar, which with limitations as to sharp bends 
and twists, must be regarded in its entirety as a fairly mobile structure, 
very different in its behavior from a pencil of the same length and diameter. 

A very instructive study of the torsional mobility of a long chain paraffin 
has recently been made by A. Mueller.®*^® He investigated the electric 
behavior of two di-ketones C10H18O2 and C11H20O2 in the neighborhood of 
their melting points. The structure of these two compounds is such that 
the two C =0 groups point in the same direction (cis-position) in one case, 
but in the opposite (trans-position) in the other. In both cases they are 
separated by a chain of 6 or 7 methylene groups. Mueller found that the two 
compounds show very different electrical properties in the crystalline state 
(as to be expected from their structure if they are rigid), but are indis- 
tinguishable above their melting points. He concludes that the hydrocar- 
bon chain, which links the two C =0 groups together exhibits a high de- 
gree of torsional flexibility. 

In closing the discussion of mobility of the simple C — C linkage, mention 
may be made of measurements or estimations of the moments of benzene 
derivatives and of long chain hybrid ions or long chain a-co-disubstituted 
compounds. 

Fuchs®^ and Tiganik^ have devised a formula by which the total moment 
of a molecule can be calculated if it possesses two separate moments, fn 
and fX2 which are able to rotate freely round certain axes fixed in space. 
In substituted benzenes, it is possible, by comparing experimental results 
with the requirements of this formula, to decide whether the rotary power 
of the polar groups is free or impeded. In m- and ^^-derivatives, e.g. in 
the chlorophenols, bromophenols, nitrophenols, etc., essentially unimpeded 
rotatory power of the OH-dipole round the C — 0 bond occurs, while in 
the o-derivatives, the mutual interaction of the substituents is so con- 
siderable that mobility is greatly impeded. There is experimental evidence 

A. Mueller, Proc. Roy. Soc., (A) 174 , 137 (1940); D. R. Pelmore, ibid.j (A) 172 , 
502 (1939). Compare further A. Turkevich and J. Y. Beach, J. Am. Chem. Soc.f 
61 , 303, 3127 (1939); B. L. Crawford and W. W. Rice, J. Chem. Phys., 7 , 437 (1939); 
8, 273 (1940); E. Gorin, J. Walter and H. Eyring, J. Am. Chem. Soc.^ 61 , 1876 (1939). 

R. Tiganik, Z. physik. Chem.^ (B) 14 , 135 (1931). Cf. also W. Kuhn, Kolloid-Z.^ 
68 , 2 (1934); L. Onsager, J. Am. Chem. Soc., 68 , 1486 (1936). 

R. Tiganik, Z, physik. Chem., (B) 14, 135 (1931). 
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to show that the rotatory power is perceived as practically free if the 
internal molecular potential does not exceed lORT per mol; at higher 
values impedance occurs and is perceptible from the fact that the depend- 
ence of the electrical moment on temperature deviates from the 1/T curve. 
Group moments of the order of 1 X (OH, CCl, NH etc.) impede 
one another appreciably only if they are separated in the molecule by a 
distance not greater than about 3 A. This accords with the fact that m- 
and p-substituents have practically no opposing effect on one another. 

The COOH group possesses a particularly high internal molecular po- 
tential, accurate geometrical and dynamic knowledge of which is of great 
importance. Measurements by Zahn^^ show that the moment of this 
group is about 1.51 X which suggests, according to H. A. Stuart, 
that the group assumes the following configuration 


%-o/^ 

R/ 


at maximum stability and executes vibrations about it only; the other 
position 


V-(K 


must give a moment of 3.9 X 10”^®, whereas for the case of free rotation 
of the OH dipole about the C — 0 bond, a moment of 3.5 is calculated. 
Actually neither in formic acid nor in the other fatty acids could depend- 
ence of the moment upon temperature be found by Zahn.®^ 

Table 31 gives a few informative data of Zahn^^ and Greene and Wil- 
liams®*^ on the internal mobility of simple ethane derivatives. In all 
examples given there is a very significant dependence of the moment upon 
temperature, which means that around the trans-position, which has no 
electrical moment, vibrations are executed which increase with rising 
temperature. In no instance, however, is that value of the total moment 
attained which is necessary for free rotation, whence it may be again con- 
cluded that only vibrations are involved which are not translated into rota- 
tion. 

Of special interest to the behavior of long chains and consequently to 
the properties of high polymeric substances are the cases first discussed by 


»» C. T. Zahn, Physik. Z., 33, 400 (1932). 

34 C. T. Zahn, Phys. Rev., 37, 1616 (1931). 

3* E. W. Greene and* J. W. Williams, Phya. Rev., 42, 119 (1932). 
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Ebert^® and accurately investigated later by Smyth and Walls, Eyring,®® 
Devoto®® and W. Kuhn,^® in which a long chain molecule carries either a 
dipole /XI and /X 2 , or a free charge at each end, so that, because of the 
partial mobility of the individual members of the chain and its length, 
the opposing influence of the terminal groups upon one another is negligible. 
The two moments then behave as if they were connected by a long, flexible 
thread, that is, they are limited in their motions only by the maximum 
length of the chain. If m = /X 2 we obtain under these conditions the value 
M for the total moment 


n = /iiV^ 
TABLE 31 


Effect of Temperature on the Moments of a Few 
Ethane Derivatives 


r 

Substance 

Formula 

T®ab8. 

M X low 
observed 

M X low 
calculated 
for free 
rotation 

Dichloroethane 

ClHaC— CH2CI 

305-554 

298-588 

1.12-1.54 

1.27-1.57 

2.54 

Dibromoethane 

BrHaC-CHjBr 

339-436 

347-449 

0.94-1.10 

0.97-1.04 

2.54 

Chlorbromoe thane 

BrHaC— CH2CI 

339-436 

1.09-1.28 

2.54 

DiacetyP 

OCHbC-CCHsO 

329-504 

1.25-1.48 

3.20 

Chloroacetone^ 

CIH2C-CCH3O 

336-454 

2.17-2.24 

3.0 



2CH8\ /Cl 


O' 




Measurements of Smyth and Walls on long saturated hydrocarbon chains, 
carrying two equal dipoles at their ends, have shown in fact that, within 
the limits of error of the method, the total moment fulfills the requirement 
of equation 14 (see Table 32). These molecules clearly form no rigid, 
flat zig-zag chain in the dissolved or liquid state, but exhibit a certain 
internal mobility. These results are thus in excellent agreement with 
previous ideas on the behavior of long hydrocarbon chains. 

** F. Ebert, Leipziger Vortrdge. Leipzig 1929, p. 47. 

C. P. Smyth and W. S. Walls, J, Am, Chem, Soc., 63, 527, 2115 (1931). 

H. Eyring, Phys. Rev., 39 , 746 (1932). 

G. Devoto, Z. Elektrochem., 40 , 490 (1934); Gazz, chim. ItaL, 66 , 1235 (1935). 

^0 E.g. W. Kuhn, Kolloid-Z., 68 , 2 (1934). 
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Recently measurements by W. B. Bridgman^^ on co-oxycarboxylic acids 
and their polycondensation products have strengthened this view. By 
internal esterification of co-oxydecanoic acid, long chains of molecular weight 
900-14000 were obtained and very thorough measurements of refraction 
and polarization made on this material in dilute benzene solution over a 
wide wave length range. 

In the first place no anomalous dispersion could be detected, as would 
be expected if the molecules examined had been rigid structures with two 
adhering dipoles and oriented as a whole in the field. It was further found 


TABLE 32 

Moments of a Few Long Chain Molecules 


Substance 

Formula 

Total 
moment 
M X low 

Group 

moment 

mXIOW 

Deca-methylene glycol 

HO • CHj ■ (CHs) 8 • CHs • OH 

2.6 

1.67 

Deca-methylene bromide 

Br*CH2-(CH2)8*CHj*Br 

2.4 

1.8 

Sebacinic acid diethyl ester 

COOCjHfi- (CH2)8-C00C2H6 

2.49 

— 

Hexadeca-methylene dicar- 
boxylic acid diethyl ester. . . 

COOC2H6(CH2)i6COOC2H8 

2.49 

— 


TABLE 33 


Dipole Moments of High Polymers 


Molecular weight 

n (monomer units) 

X low 
(calculated) 

AiX low 
(observed) 

13,900 

82 

16.4 

19.0 

9,070 

53 

13.3 

15.7 

7,780 

46 

12.4 

12.4 

4,140 

24 

9.1 

10.2 

2,120 

12 

6.6 

6.7 

905 

1 ^ 

4.2 

5.0 


that the polarity of the molecules increased almost exactly with the root of 
the molecular weight; it can be seen from Table 33 that the values calcu- 
lated from this assumption agree very well with the experimental data. 
A relationship of this kind is just what should have been expected, more- 
over, in view of the Debye equation if the individual polar groups in 
such chain molecules were oriented in an electric field independently of 
one another. This would be the situation if the long-chain molecules were 
not rigid but flexible. One must imagine that the molecules, under the 


W. B. Bridgman,- /. Am, Chem, Soc,, 60, 530 (1938). 
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influence of thermal impacts by the surrounding solvent molecules, assume 
a somewhat sinuous or worm-like form and that the field aligns with itself 
the individual dipoles in the chain and at its ends. Work of W. Kuhn^^ 
has been invoked to explain this effect. This author, to whom we are 
indebted for a series of very important studies on the internal mobility of 
chain molecules, has calculated that for long flexible chains, which assume 
an irregular serpentine and constantly changing form in the gaseous state 
or in solution, due to thermal agitation, the separation between the terminal 
groups does not increase in proportion to the number of atoms in the chain, 
but is proportional to the root of this number. This fact (see also p. 298) 
is in close relation to the law for the average path traversed by a molecule 
diffusing under the influence of irregular thermal impacts; indeed, generally 
speaking, internal molecular statistics are very similar to a diffusion phe- 
nomenon. 

Experiments of Wyman and McMeekin^* on the peptides of glycine up 
to heptaglycine are in agreement with the above. The increase in dielectric 
constant of water in the presence of dissolved peptides was determined. 
Wyman considered that in flexible chains the increase should be pro- 
portional to the increase in molecular weight; this held with reasonable 
accuracy for the higher members of the series so that this class of sub- 
stances also gave the same results with respect to the behavior of long chain 
molecules. 


d) The Double Bond and Cis- Trans- Isomerism 

The double C=C bond is. to some extent susceptible to quantum 
mechanical treatment; Pauling, Slater,^® E. Huckel,^® and more recently 
R. S. Mulliken^^ in particular have tried, by employing different methods, 
to derive criteria for the form of the charge distribution corresponding to 
the aliphatic and the aromatic double bond. It has been proved repeatedly 
that this chemical primary valence is produced by 4 electrons, two of 

W. Kuhn, Kolloid-Z., 76, 258 (1936); Z. anorg. allgem. Chem.y 49,858 (1937); Z. 
Elektrochem.y 42, 692 (1937) ; comp, also H. Eyring, Phys. Rev.^ 39, 746 (1932); L. Las- 
kowsky and R. E. Burk, J. Chem. Phys.j 7, 465 (1939); W. F. Busse, J. Phys, Chem., 
86, 2862 (1932). 

« J. Wyman, /. Am. Chem. Soc., 68, 1482 (1936) ; 60, 328 (1938) ; J. Phys. Chem., 43, 
143 (1939). Cf. also W. B. Bridgman and J. W. Williams, /. Am. Chem. Soc., 69, 
1679 (1937); J. H. van Vleck, /. Chem. Phys., 6, 556 (1937); J. Wyman and Mc- 
Meekin, J, Am. Chem. Soc., 66, 908 (1933); J. G. Kirkwood, Chem. Rev., 24, 233 (1939). 

** L. Pauling, Phys. Rev., 40, 891 (1932). 

« J. C. Slater, Phys. Rev., 38, 1109 (1931). 

40 E. Hlickel, Z. Physik, 60, 43 (1930). 

47 R. S. Mulliken, J.Chem.Phys., 7, 14, 20, 121, 339, 353, 356, 364 (1939). 
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which form a rotation-symmetrical charge cloud, while a charge cloud 
(Eigen function) characterized by a plane of symmetry corresponds to 
the other two. The plane of symmetry is so placed relative to the nuclear 
framework that the two residual valences at each C atom are perpendicular 
to it (see Fig. 13). By this evidence, quantum mechanics again confirms 
the concept outlined by organic chemists many years ago regarding the 
spatial structure of the aliphatic double bond and the deductions pos- 
sible from it. 

The loss of high axial symmetry merely indicates that the valence 
scaffoldings of the two C atoms are now no longer free to rotate about the 
bond between the nuclei so that the double bond has a certain rigidity. 
The reason lies in the fact — deducible from the charge distributions — that, 
to effect any change in the arrangement shown in Fig. 13, portions of the 
negative charge cloud, corresponding to the double bond must be brought 
nearer together; this is possible only by performing work against the re- 



Fig. 13. Geometrical arrangement of valences in the 
double C—C bond. 


pulsive forces between the different parts of the negative charge cloud, 
which owing to the Coulomb law repel each other. 

Researches of Eucken and his co-workers^® on ethylene have in fact 
afforded very striking confirmation of this concept. They deduce from 
the effect of temperature on specific heat a torsional or turning oscillation 
of fairly high frequency (750 cm~^ ^ 10^® per sec.) so that the molecule 
represents a highly impeded one dimensional oscillator whose properties 
have been studied by Teller and Weigert."*® Comparison of measurement 
and theory shows that the barrier of potential which has to be scaled in 
the transition from cis- to trans-form, lies far above kT) on this depends 
the stability of the two isomers and the possibility of isolating them by 
the methods of synthetic organic chemistry. 

To obtain an insight into the probable behavior we shall refer to Fig. 14 

** A. Eucken and K. Weigert, Z. phyaik, Chem.f (B) 20, 161 (1933). 

E. Teller and K. Weigert, Nachr. Ges. Wiss. Gottingen^ 2, 218 (1933). 
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which represents diagrammatically the potential curve of a cis- trans- 
isomerism. There are two potential troughs — stable modifications — the 
cis position (p — 0 and the trans-position (p = 180°. Due to unequal 
distances between the substituents, they are not of equal depth; between 
them rises an energy peak, guaranteeing their stability, and arising from 
the interaction of double bond rigidity and the reciprocal effect of sub- 
stituents. 

The energy difference U between the minima of the two troughs is the 
heat of conversion of the two modifications into one another it deter- 
mines for the mixture ratio of the isomers and can be calculated from 

the effect of temperature upon the equilib- 
rium. It has been determined experi- 
mentally, for instance, in the case of 
dichloroethylene by Ebert and Biill.®^ At 
about 300°C the cis- form is the more 
stable, 63% of the molecules being in the 
cis- and 37% in the trans- form; the energy 
difference can be estimated at about 500 
cal. per mol. 

Stuart ^2 also has investigated this problem 
by calculating the reciprocal effect of the 
two Cl atoms, and has arrived at very 
plausible results. Actually the cis-position 
was found to be preferred but its calcu- 
lated stability, 1150 cal/mol, was greater 
than that given by experiment. We must, 
however, be content with this agreement in 
view of the inadequacy of the theory underlying the calculation. 

In other cases — ^maleic and fumaric acid, cinnamic acid, etc. — the trans- 
form may be the more stable, a fact which Stuart®^ again has shown to be; 
probable; in these cases, due to free rotation within the CH 2 -COOII groups 
there usually exist several rotation-isomeric cis- and trans- forms, a 
circumstance which suggests an interesting problem in re-examining the 
present relationships experimentally. 

The energy differences Ei and Ea between the minima of the two potential 
troughs and the peak of the energy barrier separating them are the heats 

R. J. Corruccini and E. C. Gilbert, J. Am. Chem. Soc.y 61, 2925 (1939). 

« F. Ebert and R. Btill, Z. physik. Chem., (A) 162, 451 (1931). 

« H. A. Stuart, Physik. Z., 32, 793 (1931). 

** See l.c. and also H. A. Stuart, Molekulstruktur. Berlin 1934, pp. 95 et seq. 
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the internal molecular poten- 
tial in the case of a cis-trans- 


isomerism 
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position. 
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of activation for the transition from cis- to trans- or from trans- to cis-. 
They determine the thermal stability of the two forms and may be cal- 
culated from the effect of temperature on the rate of isomerization by the 
aid of the Arrhenius-Trautz equation. Unfortunately, the material avail- 
able is very scanty; HojendahP^ alone has estimated from the rate of 
conversion of maleic acid into fumaric acid, the level of the energy peak 
separating the two forms as about 16000 cal. per mol; the magnitude of 
this value guarantees a fairly considerable stability for both types of 
molecule. 

It would be of the greatest interest in the dynamics of organic synthesis 
if the very incomplete material in this field could be augmented by a rather 
more systematic treatment of several cis-trans-isomerisms and by equilib- 
rium and velocity measurements. 

e) Internal Molecular Dynamics and Statistics 

In the theoretical treatment of small molecules — in the simplest case, 
of a diatomic dumb-bell molecule — ^we can either formulate a vibration 
equation based simply upon suitable application of force and solve this 
according to the rules of classical mechanics aided by quantum postulates, 
or we can proceed — by introducing a suitable potential — from the Schro- 
dinger equation, integrate this and so arrive at the stationary conditions 
of the structure investigated (Eigen values) and likewise at expressions for 
the distribution of the charges in space (Eigen functions). The internal 
molecular motions are then a direct consequence of the potential charac- 
teristic for the molecule. In diatomic molecules, this problem can be accu- 
rately solved, in tri- or polyatomic molecules it is necessary to employ 
approximation processes, which quickly become ambiguous and involve a 
large amount of calculation. The whole is to be regarded as a dynamic 
treatment of molecular processes and constitutes an extreme aspect of 
the possible assertions about internal molecular motions. 

We have seen, on the other hand, that there is a second type of internal 
motions particularly in very large and mobile molecules, which do not 
arise from the action of intra-molecular forces but which, on the contrary, 
are so disposed that during their execution, the potential of the molecule 
remains constant. These motions are caused by the thermal energy of the 
individual parts of the large molecule and can best be compared to the 
chaotic motion of the molecules in a perfect gas. It is natural, therefore, 
in studying this kind of internal molecular motion, to employ methods 
similar to those that have proved useful in the theoretical treatment of 


WK. Hojendahl, /. Phya. Chem., 28, 758 (1924). 
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gases, namely statistical. In the limit, we have to proceed as if the 
individual parts of the molecule were entirely free to move and the co- 
hesive forces replaced by purely geometrical conditions to insure the mole- 
cule against disintegration and, furthermore, that the fundamental principles 
of molecular structure are valid. It is just a matter of counting configura- 
tions, regarded as equal in energy value and compatible with geometrical 
demands; we employ as a first approximation stationary statistics. 

Later, of course, we are forced to the conclusion that there are very few 
motions within a molecule that actually proceed quite free of forces and 
that most of them include a great variety of rotations and vibrations, which 
are associated with small energy differences and can, therefore, be realized 
equally well under the influence of temperature variations. Consequently, 
in addition to stationary statistics, we have to work with energy statistics 
and to take into account the energy differences by the aid of a Boltzmann 
factor. In terms of the gas theory, this phase corresponds with the van der 
Waals theory of real gases. 

We shall show by a very simple example how these ideas can be trans- 
formed into mathematical relations, for it will appear later that many an 
important property of high polymeric substances is connected directly 
with the internal motions of large, chain or reticulate molecules. E. 
Wohlisch®® in 1927 advanced the idea that the tendency of rubber and 
muscles to contract is traceable to the thermal motion of molecules and 
K. H. Meyer^ showed in 1932 that it is not a question of the motions of 
entire molecules, but of links in the principal chains which cause the 
contraction of the extended chain by their thermal motions. The quanti- 
tative demonstration of this idea was furnished by H. Mark and his co- 
workers®^ and independently by W. Kuhn;®® the experimental proof occu- 
pies an important position in the field of high polymers. 

We shall choose for the calculation a normal hydrocarbon chain, a case 
which was treated by E. Guth, W. Kuhn and H. Eyring,®® and assume first 
that there is completely free rotation over the whole extent of the chain. 

w E. Wohlisch and R. de Rochemont, Z. BioLy 86, 406 (1927) ; 87, 353 (1928). 

w K. H. Meyer, G. v. Susich and E. Valko, Kolloid-Z., 69 , 208 (1932); H. Mark and 
E. Valko, Kautschuky 6 , 210 (1930). 

H. Mark, IX. Congr. Chim. Madridy 6, 197 (1934) ; E. Guth and H. Mark, 
Momtsh.y 66, 93 (1934); E. Guth and H. Mark, Naturwiss.y 26, 353 (1937) ;H. Mark, 
Naturey 141 , 670 (1938). 

68 W. Kuhn, Kolloid-Z.y 68, 2 (1934) ; 76, 258 (1936) ; 87, 3 (1939). 

69 H. Eyring, Phys. Rev.y 39, 746 (1932) has developed an equation for the most 
probable length of a long chain as long ago as 1932; cf . also E. Guth, J. Applied Phys.y 
10 , 161 (1939) and L. Laskowsky and R. E. Burk, J. Chem. Phys.y 7, 465 (1939). 
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Later, we shall have to adapt the results of the calculation nearer to 
actuality on the basis of information in the final sections. The chain to 
be treated consists of C atoms which may be joined by single linkages. 
When extended, it possesses the known, plane, zig-zag form determined by 
the tetrahedral symmetry of the C atoms which is actually found in the 
crystal lattice and probably holds approximately also in liquid paraffins 
because of their group structure. Free rotation and even vigorous tor- 
sional vibrations are in these cases non-existent, being excluded by the 
strong inter-molecular forces. 

The extended form of the chain represented in Fig. 15 is, however, 
only one of very many forms having equal energy values, for we can perform 
rotations round any of the (n — 1) single C — C bonds, while preserving 
the tetrahedral angle, without having to perform any work. Since the 
chain in gas or in solution (i.e. in the free state) is always in thermal 
equilibrium with its surroundings and is always subject to random impacts 
from all directions, it will assume in 
course of time — in accordance with 
fundamental laws of statistics — all 
positions of equal energy value and jg form of a normal 

will actually perform all motions paraffin chain, 

possible to it, just as the molecule of 

a perfect gas subjected to thermal impacts will occupy all the space availa- 
ble to it, in accordance with energy relationships. 

It is evident from the above that it is meaningless to speak of a definite 
shape of the chain if, by that, we mean a configuration that remains 
temporarily fixed over a long range. It would be just as inappropriate to 
speak of a fixed location of the molecules in a gas. These are in fact always 
moving, and the chain is in constant sinuous motion. As in all statistical 
treatment— acknowledging the impossible — we abandon any attempt to 
assign definite states to the individual molecules. Rather we integrate 
all those micro states belonging to a given macroscopically definable state 
capable of definition and reproduction by measurement of macroscopic 
parameters. In a perfect gas, volume is chosen; in the chain having a 
certain degree of free rotation, there are several possibilities for the choice; 
having regard to the later application of these considerations to the elas- 
ticity and viscosity of long chain substances, we shall take the distance 
between the ends of the chain as such a parameter. 

In order to start with the simplest possible conditions, we shall consider 
an isolated chain molecule, for example, an unbranched hydrocarbon 
chain with n links, i.e. with (n + 1) C atoms (see Fig. 15); n should be a 
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number between 10^ and 10^. This model is actually a considerable simpli- 
fication as compared with natural or artificial rubber, because methyl 
groups and double bonds are absent, but it serves for the immediate study 
of the principal properties of such a chain. Later we shall have to re- 
member that the free rotatory power assumed for this chain does not 
actually exist and that the different chains of a macroscopic specimen 
mutually impede one another to some degree. 

According to information in the preceding sections, the individual links 
are 1.54 A long and the angle between the valences, a, is about 109°; if 
we extend the chain completely so that it has the shape illustrated in 
Fig. 15, its length is given by 

, a 

~ 'I'max ~ (w L'to'SZ-W ~ 

This maximum length of the chain, as is immediately evident from the 
illustration, is attained only under one condition, namely that all the bonds 
lie in one and the same plane and form the zig-zag strip; the maximum 
possible distance between the ends, r^a*, which denotes complete extension 
of the chain, can, therefore, be obtained only in one single way. 

If, however, we desire the ends of the chain to be at some other distance 
apart, e.g. a distance r, when r < Vmax) this can be effected in a number of 
different ways; indeed, because of the internal mobility of the chain, we 
may arrange the individual links in many different ways and still have 
the two terminal C atoms separated by the distance r. If we imagine a 
large number — say, 1000 — of such chains scattered at random on the 
floor, and then measure the distances between the ends for every chain 
and draw up statistics, it is very unlikely on grounds of probability that 
the maximum distance will be found frequently, since it can be obtained 
only in one way; any shorter distance can be obtained by a large number 
of configurations and will, consequently, be found much more frequently 
in actual conditions. 

To each theoretical distance r between the ends of the chain there is a 
definite number of possibilities of realization, which, following Boltzmann, 
we can term the complexion belonging to r. To calculate this complexion 
as a function of r, we must make certain assumptions regarding the struc- 
ture of the chain and its mobility. If U denotes the length of a single link, 
n the number of links and a the angle between two successive links, and 
completely free rotation is assumed, then the probability that the ends of 
such a chain will be separated by the distance r, is given bj^' 

/a I - __!rL 

IV (n, U a, r)r^dr = 3 A/ - ".,“ 9 *^ (15) 

y ir • ll 
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U =* length of each 
a = valence angle 

n = n ^ “ 

“ " ] - cos a 
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r must naturally always be less than Tmax- It is evident from (15) that 
there is a most probable distance X between the two chain ends, namely, 
that value of r at which the function given by (15) has its maximum. This 
value, as an easy calculation shows, is 



The length Vmax can, however, be attained only in one way, and similarly, 
small values of r— very short distances separating the ends of the chain — 
are ruled out statistically. 

For the case n = 30, IT is shown as a function of r in Fig. 16. W (r)r^ dr^ 
like the well-known Maxwell-Boltzmann distribution curve, is thus asym- 
metrical; it also has greater breadth on 
account of the smaller number of statisti- 
cally independent elements. The result is 
that we cannot regard the most probable 
value as the only one likely to be present, 
as we would in the ordinary statistical 
treatment of gases. We must, rather, con- 
sider neighboring values and attach much 
greater significance to fluctuation phe- 
nomena than in gas statistics. We shall 
return later to this point, when the occur- 
rence of x-ray interferences in stretched 
rubber are discussed. 

The above considerations invite the as- 
sumption that a chain in thermodynamic 
equilibrium with its surroundings — and subject to thermal impacts from 
all sides — itself assumes that state which exhibits the greatest number 
of possibilities of realization. This is no more than the application of 
the Boltzmann statistics to a single elongated molecule and will meet 
with no objection so long as there are suffleient independent elements 
present for statistical treatment. It has been mentioned previously that 



Fig. 16. Distribution function 
for n = 30. 
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the position is not as favorable as the one existing in the statistics of gases, 
where the number of independent systems in one mol is of the order of 10^^; 
a chain of 3000 to 4000 links will, however, consist of 500 to 600 strictly inde- 
pendent component systems. I.e. after about seven or eight links, the 
influence of the first will certainly be so far annulled that the ninth link may 
be regarded as practically beginning a new element. It will, of course, 
be necessary to pay special attention to fluctuation phenomena. 

With these limitations, and by applying the Boltzmann law, we may 
ascribe to an isolated primary valence chain an entropy 

8 ^ klnW 

and try to derive its final properties from it. It will be found, first, that 
invariably, such a chain can, of itself, change only to a state of higher 
entropy, i.e. of greater probability, and that work must be performed to 
put it into a state of lesser probability. If, therefore, we are dealing with 
a chain whose ends are separated by r and wish to extend it to the maximum 
length L, we must perform an amount of work A corresponding to the 
entropy difference Sr — . This expenditure of work results in a heating 

of the chain on rapid extension, by an amount 

A^Q 8r- SL ^ k[ln W (r) - InW (w)] 

This exactly corresponds to the heating of an ideal gas on adiabatic com- 
pression, during which there is an entropy loss, because space previously 
accessible to the gas is now no longer available. This reduces the number 
of realization possibilities and hence the probability of the system. 

The pressure p of a gas is exerted by random molecular impacts, which 
seek to enlarge the volume available to the gas and consequently to 
increase the number of configuration possibilities, which means an increase 
in entropy. Exactly in the same way, the stress cr on the ends of a stretched 
valence chain, caused by the random thermal motions of the individual 
links, tends to shorten the length of the chain, because the shorter length 
has greater possibilities of realization. Hence, it is more probable and 
corresponds to a higher entropy. Formulated, these points become 
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We now understand why rubber-like materials must heat on stretching 
and cool on relaxing, in complete analogy to the behavior of ideal gases 
and in contrast to normal crystalline elasticity. 

In perfect gases the internal energy U is independent of volume, so 
that in rubber a region may be defined as ideal in which the internal energy 
is independent of tension. Experiments have shown that in lightly vul- 
canized samples at about 250% extension the internal energy is, in fact, 
only very slightly dependent upon length. In real gases and in rubber 
preparations which do not conform to these special conditions, the proper- 
ties differ and, because of intermolecular forces, the internal energy becomes 
dependent upon volume or upon the extent of stretching. 

We shall now attempt to establish an equation of state for the ideal 
rubber by analogy with an ideal gas. We start with equation (17). If 
we introduce klnW for s and eliminate W from equation (15) we obtain: 


(T = 3kT 


1 1 


•51 


nil 1 + cos a 
8l = elongation of a single chain 


(18) 


cr = stress 


just as one gets for a mol of an ideal gas the relation. 

RT 


fl9) 


Therefore, we seem to be justified in interpreting (18) as the equation of 
state for ideal rubber. It combines the tension cr with the elongation U and 
represents the extension curve of a single valence chain. 

Experimentally, however, one always obtains such a curve using a 
piece of rubber large enough to be handled. Let this have an original 
length I and let it acquire a certain elongation Al as a result of the stress. 
Therefore, we must pass from formula (18) which relates to a single chain 
molecule to another equation which holds for a macroscopic piece of 
material. This was done by W. Kuhn®® and H. Pelzer.®^ 

We consider a unit volume of rubber and assume that there are Z 
chains contained in it. When we put the sample under a certain finite 
tension S, it undergoes an elongation Al, Now, as a first approximation 
Kuhn made the assumption that the entropy of the macroscopic piece of 
rubber is given by the sum of the entropies of the separate chains. This is, 

60 W. Kuhn, Kolloid-Z., 68, 2 (1934); 76, 258 (1936); 87, 3 (1939). 

61 H. Pelzer, Monatsh., 71, 444 (1938); cf. also H. Dostal, Monatsh.f 71, 144, 309, 
346 (1938). 
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of course, only an approximation and we shall see later what change we 
have to make in this preliminary hypothesis. 

With such assumptions we obtain 


s 


Zcr 


Z-kT 


3 1 — cos a 
nil 1 + cos a 




= EAl 


( 20 ) 


E « Z-kT 


3 1 — cos a 
nil 1 + cos Of 


Z^k'T - R'T 


From (20) one sees that the macroscopic modulus of elasticity E of rubber^ 
like substances is proportional to the absolute temperature. This fact was 
proved by the experiments of K. H. Meyer, I. S. Ornstein, and their 
collaborators®^ carried out for the first part of the elongation curve. The 
equation (20) further shows that there is proportionality between the 
tension S and the elongation Ai, a fact which also stands in fair agreement 
with many experimental investigations of the first part of the elongation 
curve of rubber having a low degree of vulcanization. 

A further evaluation of relation (20) was given by Kuhn. The number 
of chains in the unit volume is closely connected with the average molecular 
weight of a single chain. One finds 


p-iV 

. =3 molecular weight of the mobile parts of a chain, 

Mf 


and introducing numerical values one gets. 


E = 7 RT p ~ 

Mf 


( 21 ) 


Therefore, the modulus of elasticity can be used to determine the molecular 
weight of the mobile part of the single chains. If one starts from the 
experimental values, which lie between 10® and 10® dynes per cm^, one 
obtains for the molecular weight of the rubber chains values between 
20,000 and 100,000, which are in good agreement with other quantitative 
data for such substances. 

Up to now we have confined our considerations to the behavior of 
an isolated chain molecule with a certain amount of internal mobility. We 
may summarize by saying that this preliminary study gives 

a) A range of elasticity of the correct order of magnitude; 


*2 I. S. Ornstein, J. Wouda and J. G. Eymers, Proc. Acad. Sci. Amsterdam, 32, 1235 
(1929); 33, 273 (1930); K. H. Meyer and C. Ferri, Helv. chim. Acta, 18, 670 (1935). 
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b) Proportionality of the modulus with the absolute temperature, 

c) Molecular weight of the correct order of magnitude. 

All these consequences of the statistical theory of rubber elasticity 
are in fair agreement with the experiments. 

We may thus feel encouraged to start with some improvements over 
the theoretical equations, keeping in mind the different points which have 
been neglected. If we want to approach more closely the conditions in 
a real rubber sample and to bridge the gap between it and the ideal one 
we have considered hitherto, we have to introduce two kinds of refinement, 
namely 

a) geometrical and 

b) dynamical ones. 

a) Passing from the equation of state of an isolated valence chain to a 
macroscopic piece of rubber, we have assumed that the behavior of the 
latter can be derived by a simple process of multiplication. This, of 
course, cannot be true. One has to take into account that in the original 
sample the entangled chain molecules are distributed entirely at random. 
If we stretch the material in a given direction the behavior of each in- 
dividual chain will depend upon its position with reference to the direction 
of stress. Kuhn has shown that a process of averaging the behavior of the 
individual chains due to their spatial positions has to be carried out. 

Furthermore, it seems to be of interest to investigate the consequences 
of assuming that the chains do not move independently of each other, 
but that they stick together at certain adhering points. Kuhn has shown 
that one visualizes the rubber as being an irregular network of flexible chains 
linked together at certain points, each chain having a tendency to roll up 
owing to the thermal motion of the molecules. 

H. Pelzer has developed the statistical theory in this direction and 
has obtained the following relation for the modulus of elasticity: 

E - V2 RT-p'i^ ~ — (22) 

M‘lo-n 


n = number of links in one chain; k = length of each individual link; 

M = molecular weight of each individual link; 

a is proportional to the number of chains parallel to the stress. 

This equation gives the correct order of magnitude for .B and combines the 
elastic behavior with the different quantities which describe the assumed 
model. 
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Pelzer also succeeded in working out a theoretical extension curve 
which agrees fairly with the experiments, even outside the limit of propor- 
tionality between stress and elongation. This extension curve is repre- 
sented by 


kT Al 21 -f- Al 
" ^ ^ I + Al 


(23) 


The present short treatise, which is intended merely to illustrate general 
principles of internal molecular statistics and to indicate their application 
to rubber elasticity, was chosen in view of this latter point and of the 
possibility of explaining certain features of the viscous flow of high poly- 
meric substances (compare page 290). It may, however, be remarked 
that many other characteristic constants of high polymeric substances — 
osmotic pressure, double refraction etc. — are relatc^d to the internal mobil- 
ity of long chain or reticulate structures. 


TABLE 34 

Different Methods of Determining the Properties of Molecules 


Problem 

Method 

Nuclear distances 

Size of the valence 
angle 

Deformability of the 
valence angle 

Symmetry 

Internal mobility 

Natural vibrations 

Characterization of 
definite groups 

si 

c 

j 

> 

c 

J 

crystal lattice forces 

Complex molecules 

Scattering of x-rays by a crystal 

+ + 

+ + 

— 

+ 

— 

— 

— 

-f+ 

+4-+ 

Scattering of x-rays by a gas 

+4- 


+ 


4-4- 

- 

- 


- 

-f 

Scattering of electrons by a gas . . . 



+ 

+ 

4-4- 

- 

- 


~ 

4- 

Analysis of the rotation structure of the 
molecular spectrum (infra-red) 

-f 

+ 

_ 

_ 

_ 

_ 

_ 


_ 

_ 

Analysis of vibration bands of the 
molecular spectrum (infra-red and 
Raman) 



+ 

+ + 


4- 4- 

4-+ 



4- 

Temperature curves of molecular heats . 

+ 

— 

+ 


4-4-| 

4- + 

— 


•- 

— 

Determination of the permanent elec- 
tric moment. . . 




-f 

+ 

-f-f 



++ 




4-4- 

Determination of the polarizability 
(Depolarization measurements and 
Kerr effect) 



-f 


4- 

4-f 


+ 


__ 

4- 


Conclusion 

In concluding the discussion on molecular size, shape and internal 
mobility, we recall once more the experimental methods which have 
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charge shells; with electrons, the nuclear distances directly. 
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furnished all the information here reviewed, and show in two tables the 
comparison between the statement of the problem and the experimental 
possibilities. Table 34 enumerates the different types of problems and 
indicates the methods best suited to their treatment. A dash means that 
the method is unsatisfactory for the problem in question while one or more 
crosses indicate increasing degrees of usefulness. 

Table 35 gives similar information differently arranged. 

With this review, the section on the nuclear framework of molecules 
and their internal motion will be brought to a close and we shall pass on 
to a discussion of the forces which, on the one hand hold the molecules 
together (primary valences) and on the other, combine single molecules 
into larger structures— associates, micellae — and finally into macroscopic 
phases — liquids, crystals, and so on. 



C. PRIMARY AND SECONDARY VALENCES 


The first two sections of this discussion have given an outline of the 
present knowledge of nuclear framework and internal motions in molecules; 
it will now be necessary to amplify and to differentiate the information 
by a survey of the intra- and inter-molecular forces and to explain how 
conclusions may be drawn from atomic distances, valence angles, vibra- 
tions and rotations, regarding the primary valence forces which hold a 
molecule together. Although forces must be given prominence as causes, 
the path of research has been in the reverse direction. The causes have 
been inferred from the effects of primary valences, i.e. from the existence, 
form and internal mobility of the molecule. It seems reasonable, there- 
fore, to follow the inductive way here. 

Experience teaches that, even after saturation of primary valences 
and formation of a molecule, the resulting bodies are always able to exert 
further forces on others of the same or different nature. These forces are 
considerably weaker than the first, they differ significantly in their mode of 
action and they are accordingly termed residual or secondary valences. 
They are the forces that unite molecules into associates, complexes, aggre- 
gates and micellae and to them ultimately, the macroscopic, condensed 
phases — liquids, mesophases and crystals — owe their existence. Although, 
as will be shown later, and as is customary in all concepts of natural science, 
it may not be possible always to draw an entirely sharp distinction between 
these two types of valences, and frequently the question remains open 
whether a given atomic group is held together by primary or secondary 
valences, the distinction has furnished such clear insight into the many- 
sidedness of the phenomena, especially in the field of organic chemistry, 
that its usefulness cannot be doubted, even if it cannot be applied to the 
last detail. 

We shall, therefore, make this distinction of forces in the realm of 
molecular dimensions the basis of further consideration and begin with the 
discussion of the primary valences. 

1. Chemical Primary Valence 

In examining those chemical compounds which have strong forces 
of cohesion, it happens that the nature of the interaction between atoms 
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of the same or nearly the same size may yet be very different. All the 
chemical and physical properties of the molecules suggest that there are 
several types of primary valence forces which in some cases appear sharply 
defined and in others are more or less overlapping. If we consider the three 
molecules NaCl, CI2 and Na2, we have before us three representatives of 
those types of linkage which serve to cover the existing experimental data: 

the heteropolar linkage between oppositely charged ions, 

the homopolar linkage between neutral atoms, 

the metallic linkage between similarly charged particles. 

This classification has proved useful in considering isolated molecules 
but has assumed much greater importance in investigating crystals. Since 
conditions in the condensed phases are presented in greater detail in 
Section D, we shall turn our attention now mainly to the three types of 
linkage mentioned above and it will be shown how far it is possible, within 
the classification, to postulate ideas regarding the origin, magnitude and 
potential of those forces which unite atoms into a molecule. 

a) The Heteropolar Linkage between Oppositely Charged Ions 

There are a great many chemical compounds which are known to 
consist of oppositely charged ions. In the molten state or in aqueous 
solution they conduct the electric current by simultaneous movement of 
these ions into which they dissociate; they can be excited to (infra-red) 
vibrations, in the course of which charged particles are vibrating against one 
another, they form crystal lattices in which, according to evidence from 
interferometric measurements, charged ions are undoubtedly in juxtaposi- 
tion, and they proclaim through a series of other properties their hetero- 
polar character. NaCl, CaO, AICI3, K2PtCl6 may be cited as examples. 

We are indebted to W. KosseP and G. N. Lewis^ for the simple and 
successful theories of closed inert gas-like electron shells which are pro- 
duced from the atoms of the chemical elements by the loss of loosely 
bound electrons (valence electrons) or by the acquisition of such electrons, 
thereby forming extremely stable systems. The atoms lose their motile 
electrons or replenish their unsaturated shells and are thus converted into 
positive or negative ions. 

If the electron clouds of these ions are not too large — as in the elements 
at the beginning of the Periodic System — they may be considered as nearly 
rigid, charged spheres, which are attracted by virtue of their electric charges. 
The equilibrium position is produced by the co-action of a force of attrac- 

1 W. Kossel, Ann, Physikj 49, 229 (1916). 

* G. N, Lewis, Valence and Structure of Atoms and Molecules. New York 1923. 
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tion and a force of repulsion both of which may be derived from potentials. 
The relationships can best be expressed by a potential curve which repre- 
sents the energy of the molecule as a function of the distance between the 
two atomic nuclei, and present knowledge is best complied with if the 
attraction potential is based upon Coulomb’s law and the repulsion 
potential expressed either through a higher power of r according to Born* 
or in accordance with quantum-mechanical theories of Born and Mayer^ 
through an exponential function. The total potential V for univalent 
ions then assumes the form 


V = 



(24) 


£2 -- 
y = — + p 
r 

e = electrical charge, w, h and p are constants which are 
characteristic for the two ions. 


(26) 


and has the form represented graphi- 
cally in Fig. 17. Equation (24) gives 
accurate values for the internal dis- 
tance and the dissociation energy of 
heteropolar dumb-bell molecules and 
has proved most useful — as will be 
shown later in greater detail — in rep- 
resenting different properties of ion 
lattices as well. 

Recently, exact information has 
become available regarding the spatial 
distribution of negative charge clouds 
between united ions, so that we 
can supplement conditions expressed 
mathematically in equation (25) by 
an actual diagram of the arrangement 
of the charges in space. By a remark- 
able increase in the precision of inter- 
ferometric measurements with x-rays, H. 
Brill, C. Hermann and C. Peters* hav 



Fig. 17. Potential curve E in Cal. 
per mol as function of r according 
to equation (24). 


G. Grimm and his co-workers R. 
5 succeeded in determining very 


* M. Born and J. E. Mayer, Z. Physik^ 76, 1 (1932). 

^M. Born and M. Goeppert-Mayer, Handbuch der Physikf 2nd ed., Berlin 1933; 
Vol. 24, 2nd part, p. 722. 

® H. G. Grimm, R. Brill, C. Hermann and Cl. Peters, Naturwiss., 26, 29, 479 (1938); 
Ann» Physik, [6] 84, 393 (1939). 
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accurately the electronic density in ionic lattices by the aid of Fourier 
analysis developed by W. L. Bragg. They found in the rock salt lattice 
that the positively charged atomic nuclei bind their negative charge 
clouds very firmly and that over a long intermediate zone practically no 
negative charge exists. Fig. 18 shows a section through the charge distri- 
bution between a Na and a Cl ion in the lattice and makes it clearly evi- 



Fig. 18. Electronic density in the Na-Cl lattice; the large ions with the high charge 
density represent Cl, the others Na; at the bond the charge density is zero. 

dent that the density of the charge, at increasing distance from the atomic 
nucleus, falls off very rapidly and practically disappears over a range of 
nearly one A. 

On passing to heavier elements, the charge clouds become larger and 
less rigid, so that those, particularly of the negative anions, are deformed 
under the influence of the forces of attraction of the cations. This polariza- 
tion or deformation of the ions which has been especially studied by 
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Lewis,® Langmuir,^ Haber® and Fajans® gives rise to an additional force 
of attraction whose potential may be calculated by 



(26) 


and may be added to the Coulomb and quantum mechanical terms of 
equation (25). The expanded potential expression agrees satisfactorily 
with experiment and at the same time leads us from the extreme heteropolar 
linkage to the homopolar. For example, the more strongly the negative 
charge cloud of the anion, which now bears the excess charge of this ion, 
is drawn over to the cation, the more marked is the disappearance of the 
charge-free region of Fig. 18, characteristic for the pure ionic structure; 
hence, the less can we speak of two sharply separated spherical particles 
and the more do conditions approach the homopolar type of linkage now 
to be discussed. 


b) The Homopolar Linkage between Neutral Atoms 

In molecules of numerous elements — H 2 , N 2 , O 2 , F 2 , etc. — and in nearly 
all organic compounds, an entirely different type of linkage prevails. All 
properties in the solid, liquid and gaseous state indicate that the molecules 
of these substances are combinations of neutral atoms. The usual chemi- 
cal representation of this type of linkage by a valence bond expresses in a 
very diagrammatic but truthful manner the absence of heteropolarity and 
the preference for definite primary linkage directions, in contrast to the 
spherically-symmetrical Coulomb field. More recently, G. N. Lewis in 
his octet theory has aimed at a refinement, in the sense that he invokes 
for each simple homopolar valence two electrons — each arising from one 
of the two conjugated atoms — an improvement in the theory which has 
been completely vindicated by subsequent quantum mechanical calcula- 
tions. While the heteropolar valence concept is acknowledged to be very 
useful, furnishing, as it does, a structural model of oppositely charged ions 
and the quantitative relationship in equations (24) and (25), the corre- 

® G. N. Lewis, Valence and Structure of Atoms etc. New York 1923. 

^ I. Langmuir, J. Am. Chem. Soc., 41, 868 (1919). 

8 F. Haber, Verh. Phys. Ges., 21, 750 (1919). 

8 K. Fajans, Z. Elektrochem.y 34, 510 (1928); cf. also J. E. Mayer and M. Goeppert- 
Mayer, Phys. Rev., (2) 43, 605 (1933) and M. L. Huggins, J. Chem. Phys., 6 , 143, 527 
(1937). 
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spending explanation of homopolar valence by the octet theory remained 
hypothetical and a quantitative proof was at first lacking.^® 

It was only the application by Heitler and London^^ of the Schrodinger 
equation to the problem of the hydrogen molecule that brought decisive 
changes and made possible the formulation of a potential function for this 
type of linkage also. The fundamental idea of the quantum mechanical 
theory, a detailed exposition of which would lead us much too far afield, 
(it can be studied in original works and in articles such as that of M. Dunkel 
and K. L. WolP)^ is as follows: If two neutral hydrogen atoms come near 
each other, their electrons gradually enter into reaction. Whereas a sodium 



and a chlorine atom, on approaching to within 2-3 A, combine in such a way 
that the former loses its loosely bound electron and the latter fills up its 
uncompleted shell, no such electrostatic dovetailing can occur in the case 
of two H atoms because of their identity. Rather, an interplay sets in 
between the two positively charged nuclei and the two electrons, the result 
being that in the finished molecule the two electrons envelop both nuclei 
with a cloud of extended charge and weld them together into a coherent 
and symmetrical structure. 

Mathematical treatment leads to a potential function which, like (24), 

^0 G. Briegleb, Zwischenmolekulare Krdfte und Molekiilstruktur , Stuttgart 1937, 
p. 23 et seq. 

W. Heitler and F. London, Z. Physik^ 44, 455 (1927). 

1® M. Dunkel and K. L. Wolf, Muller-Pouilletj Lehrhuch der Phystkj Vol. 4, part 
3, p. 679. 
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expresses the total energy of the molecule as a function of the distance 
between the two H nuclei; it can be exactly calculated in the case of H 2 
and in a few other instances. The agreement with experiment is satis- 
factory. Since an exact expression for the potential is possible only in 
the simplest cases and, even in these, the calculation is fairly complicated, 
we are usually content with approximate functions, which express the play 
of forces within a homopolar molecule just as equation (24) or (25) does 
for a heteropolar. Several authors have made proposals in this direction ; 
an expression of Morse^^ is frequently used of the form 

T = D {c-2«(r-ro) - (27) 

It is particularly illuminating because the constants D and representing 
dissociation energy and nuclear distance in the position of rest have a direct 
physical significance. Other proposals which have proved more or less 
satisfactory in certain cases have been advanced by Rosen and Morse,^^ 
by Teller and Poschb® and by Rydberg.^® Fig. 19 shows the general form 
of the homopolar valence potential and indicates at the same time how 
much the various mathematical expressions differ from one another. 

Recently an interesting study of the potential curve of the single, double 
and triple carbon-carbon linkage was made by Fox and Martin.'® They 
start from an expression of the form 



where D is the energy of dissociation and is given by 



wn 


ro = atomic distance in the equilibrium position 
k == bond constant. 

for all carbon-carbon linkages this equation assumes the form 

7 = Z) 1^4,56 in ^ - 1 

“ P. M. Morse, Phys. Rev., (2) 34, 57 (1929). 

» P. M. Morse and N. Rosen, Phys. Rev., (2) 42, 143 (1932). 

G. Poschl and E. Teller, Z. Physik, 83, 143 (1933) ; cf. also P. M. Davidson, 
Z. Physik, 87, 364 (1934). 

'«R. Rydberg, Z. Physikf 73, 376 (1932); J. J. Fox and A. E. Martin, J. Chem. 
Soc., 1938, 2106; 1939,. 884. 
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If the different values for D are put into this relation n can be calculated 
and compared with the experimental values. Table 36 shows the result 
of this calculation and exhibits a very satisfactory agreement between 
theoretical figures and experiment. 

It should be especially emphasized that the quantum theory of the 
homopolar linkage is not exhausted in the formulation of this potential 
function. In the hands of Herzberg/^ Hund/® Hiickel/® Mulliken,^® 
Pauling^^ and Slater^^ it has been used semiquantitatively to elucidate the 
existence of spatially defined valence directions, the free rotatory power 
around the single C — C bond (see p. 53), the rigidity of the double bond 
(p. 66), and the character of the aromatic linkage. These services of the 
modem atomic theory to chemistry are described fully in two books by 
L. Pauling23 jj Hellmann,^^ and in a recent monograph by L. Paul- 
ing. It would lead much too far astray to describe the content of this 
theory but the results will be referred to in many places. 


TABLE 36 


Bond 

A;/10® dyne/cm 

ro obB. in A 

ro calc, in A 

c=c 

15.6 

1.20 

1.208 

o=c 

9.8 

1.33 

1.326 

C — C arom. 

7.6 

1.40 

1.395 

C — C aliph. 

4.4 

1.56 

1.556 


If now, we pursue the matter to its end, namely to the distribution of 
the individual charges, (Eigen-functions), we must expect that, as a result 
of the common electron shell, which constitutes the homopolar bond, a 
certain accumulation of negative charge takes place along the line con- 
necting the two atoms. Actually, H. G. Grimm^® and his co-workers have 

G. Herzberg, Leipziger Vortrdge, Leipzig 1931, p. 167. 

18 F. Hand, Ergeb. exakt. Naturw., 8, 147 (1929). 

19 E. Huckel, Z. Physik, 60, 423 (1930); 70, 204 (1931); 72, 30 (1931); 76, 628 (1931). 

90 R. S. Mulliken, Phys. Rev,, 40, 751 (1932); J. Chern. Phys., 7, 339, 353, 356, 364 
(1939). 

91 L. Pauling, Phys, Rev., 40, 891 (1932). 

92 J. C. Slater, Phys. Rev., 38, 1109 (1931). 

93 L. Pauling and E. B. Wilson, Introduction to Quantum Mechanics. New York 
1933. See also the article of L. Pauling in H. Gilman, Organic Chemistry. New 
York 1939. See The Nature of Chemical Bond, Ithaca 1939. 

9* H. Hellmann, Quantenchemie. Leipzig und Wien 1937. 

*8 H. G. Grimm, R. Brill, C. Hermann and Cl. Peters, Naturwiss., 26, 29, 479, (1938) ; 
Ann. Physik, [5], 34, 393 (1939). 
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shown, in their analysis of the diamond lattice already mentioned, that in 
exploring the charge density along a C — C bond, no region entirely free from 
charge is encountered. On the contrary, between the two atomic nuclei 
closely enveloped by negative electricity (Fig. 20), a charge bridge is 
found having an average density of 1.97 electrostatic units per A®. 
In contrast to the isolated closed charge clouds of the ions, we have here 
two electron shells blending with each other in which the valence direction 
is precisely fixed by the fact that there is no point of vanishing charge 
along this direction in space. The charge clouds which produce the 



Fig. 20. The points of charge density 16.1 represent the positions of the centers 
of gravity of the C-atoms in the diamond lattice. 

homopolar primary valence are fixed in space and form the valence scaffold- 
ing of the atom concerned. 

This note brings us to the third primary valence linkage, viz., the 
metallic. 


c) The Metallic Linkage 

The metals do not follow the laws of either heteropolar or homopolar 
valence; rather there exists a characteristic new form of linkage concerning 
which we can say with certainty only that we know very little about it. 
The metallic linkage is practically or entirely unconcerned with the 
high polymeric organic substances to which special reference has been made 
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in the foregoing pages. The following brief note is given for purposes of 
completeness. 

Everything points to the fact that in a metal, positively charged ions 
are embedded in an electron gas distributed over the whole crystal. This 
type of linkage can be conceived as arising from the homopolar, if the 
bond electrons abandon their sharply defined circuit in space and begin 
to permeate the whole lattice. They should not then be regarded merely 
as free, because they now move continually within the three-dimensional 
periodic field of the atomic lattice; they are, however, not bound to a 
given atom but are distributed over the whole lattice region and, just 
for this reason, are the cause of the high electrical conductivity which is so 
characteristic of the metallic state. 

A potential expression for Na has been proposed by E. Wigner and 
F. Seitz,2® which represents the binding energy very well and corresponds 


TABLE 37 

A Few Properties of the Metallic Linkage 



Wigner and 
Seitz 

Slater 

Experimental 

Heat of sublimation (Cal./mol.) 

25.6 

9 

26.9 

Lattice distance in A 

4.2 

3.2 

, 4.23 

Compressibility in cgs 

1.6 X 10-" 

— 

1.0 X 10-11 


roughly to the functions (24) and (27) in the other types of linkage; it 
will suffice to indicate in Table 37 the applicability of the expressions under 
test by a comparison between observed and calculated values. 

The idea of widely dispersed electrons has been demonstrated experi- 
mentally by H. G. Grimm^^ through an accurate Fourier analysis of the 
Mg lattice. He showed that in this type of linkage, just as in the diamond, 
charge bridges lead over from one atomic core to another; spatial plotting 
indicated the presence, not of sharply delimited charge clouds but through- 
out the whole lattice. K. Froelich^® has given a detailed account of this 
field of research in his book on the electron theory of metals; there is also 
the very comprehensive summary by A. Sommerfeld and H. Bethe in the 
Handbuch der PhydkP 

E. Wigner and F. Seitz, Phys. Rev,, 43 , 804 (1933); 46 , 509 (1934). 

H. G. Grimm etc. loc. cit. 

K. Frohlich, Elekironentheorie der Metalle. Berlin 1936. 

29 2nd ed., Vol. 24; Berlin 1933. 
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2. The Secondary Valences 

While the heteropolar primary valence and the metallic linkage possess 
the ability to build up entire crystals from single units of NaCl or Na, 
the same forces serving to unite more and more new particles, it is char- 
acteristic of the homopolar primary valence that it very often ceases to 
act after the union of a few atoms and the aggregation becomes saturated. 
Such forces always give rise to a closed molecule which — as we shall see in 
considering high polymeric substances —comprises small groups of atoms 
and are closely knit structures. 

Experience shows, however, that even after saturation of the primary 
valences inside the resulting molecules, forces still remain operative, which 
are generally known as residual or secondary valences. The first quanti- 
tative statements about these intermolecular forces were made by van der 
Waals in his theory of real gases when he introduced the internal pressure, 
a/F^, so that we frequently speak of van der Waals forces. 

The present state of our knowledge allows us to assume that these van 
der Waals forces between saturated molecules owe their existence to three 
different effects: 

the orientation effect of rigid dipoles to which Keesom®® first directed 
attention, 

the induction effect of polarizable particles especially considered by 
Debye^^ and 

a wave mechanical interaction of internal molecular electron motions, 
investigated by London and Eisenschitz^^ ^nd by Slater and 
Kirkwood.^^ 

a) The Orientation Effect of Rigid Dipoles 

A dipole molecule (see p. 29) behaves at large distances as a neutral 
structure. However, on approach sufficiently close to be comparable with 
the distance d between the two charges, say, to 4 or 5 A, the separation 
between those charges becomes significant. The particle can then influ- 
ence similar particles by attraction between the unlike poles of each. 

The equations for the dipole attraction may easily be derived from 
purely electrostatic considerations, and it will suffice here to describe the 

30 W. H. Keesom, Physik. Z,, 22, 120, 643 (1921); 23, 226 (1922). 

31 P. Debye, Physik. Z., 21, 178 (1920); 22, 302 (1921). 

32 F. London and R. P^isenschitz, Z. Physik j 60, 520 (1930). 

33 J. C. Slater and J. G. Kirkwood, Phys. Rev., 37, 682 (1931), 
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two special cases in which the dipoles are parallel or anti-parallel to each 
other (see Fig. 21). In the former case the potential V is given by 

Vp(r) » , (30) 

jro 

in the latter by 

= (31) 

It is presupposed that the distance r between the molecular centers of 
gravity is large compared with the distance between the charges d in any 

individual molecule. For the case r = 5d, 
the error in using (31) amounts to about 4%, 
at r = 2d it is about 30%. 

The meaning of this can be shown in an 
example: the dipole moment of the H 2 O 
molecule amounts to about 1.8 X lO"”^®; on 
dividing by the unit charge of 4.8 X 10“^® 
e.s.u., we obtain, according to the equation 

n =* e*d 

a value of about 0.4 A as the effective dis- 
tance of the charges from one another; we 
can therefore calculate the mutual actions 
of forces of two water molecules at the dis- 
tance of 3-5 A with tolerable accuracy from (30) and (31); with the pro- 
viso, of course, that there are no other forces acting between them (see p. 
93). Were the centers of gravity of the molecules able to approach to 
1.6 A, which is impossible, owing to the repulsion of the charge clouds, it 
would no longer be legitimate to employ equation (30) and we should have 
to use another, somewhat more complicated equation. 

Since a grouping which is established under the influence of the dipole 
force is always counteracted by thermal agitation, the orientation effect 
is highly dependent upon temperature. 

b) The Induction Effect 

This concerns the influence of the polarizability of the molecules. A 
molecule containing readily movable charges acquires a moment m when 
placed in a fleld F, such that 

Hi = a-F 

a = polarizability. 



Fig. 21. Different positions 
of two dipoles with mutual 
attraction** 

a) parallel Eq. (30) 

b) anti parallel Eq. (31) 
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Due to such moment (either alone or in conjunction with other existing 
moments), there results a mutual interaction between this and other 
neighboring molecules. Usually the permanent dipole of another molecule 
serves to induce the field; in this event the following relationships hold: 

a) The inducing dipole /x lies parallel to the induced; in which case 
the potential is 

Fp(r) = - 2 .^ . (32) 

r® 

b) The inducing dipole is perpendicular to the induced; then the equa- 
tion is: 


F.(r) = -§~ . (33) 

r® 

Since the polarizability is a molecular constant this component of the 
van der Waals forces is less dependent upon orientation and therefore upon 
temperature than is the orientation effect. 


c) The Quantum Mechanical Interaction of Internal Electron Motions 

{Dispersion Effect) 

If we continue the quantum mechanical calculations which lead to the 
homopolar primary valence, we arrive, as a second approximation, at a 
further force effect between structures already saturated with respect to 
primary valence. From their magnitude, the distance between the inter- 
acting particles and also from the dependence of potential upon distance, 
these forces must be ascribed to secondary valences. Since they are 
related to the scattering of different wave lengths by the molecule, i.e. 
to the effect of frequency upon polarizability (dispersion), they are fre- 
quently called dispersion forces. They are obtained, according to Lon- 
don,®^ and Slater,^® from the two equations 


Vir) - 

r® 


according to London and Eisenschitz 


V{r) - 


a^*n 


•7,07.10”2i 


V 


according to Slater and Kirkwood 


(34) 

( 36 ) 


3? = energy of ionization 
a = polarizability 

n == number of electrons in the outermost shell. 


F. London, Z. physik. Chem.y (B) 11, 22 (1930). 
®® J. C. Slater, Phys. Rev., 37, 2 (1931). 
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It is assumed that the interaction is between unexcited molecules and 
that the freely movable particles act on one another at a distance r which 
is large compared with their own diameter. If, as frequently happens, we 
wish to determine the interaction between larger molecules — paraffins, 
benzene, naphthalene etc. — we must resolve the total effect into the forces 
between separate, adjacent parts of molecules and recognize that the 
equations are applicable only if the distance of these particles from one 
another is greater than the cube root of the polarizability. 

Since, in most of the atomic groups concerned — CH, CCl, CO, etc.— 
the polarizabilities lie between 2 and 5 X 10“24^ we see that for a mutual 
approach of 3-5 A (equilibrium distance of secondary valence forces), 
this condition is sufficiently approximated to warrant an estimation of 
the effect. 


TABLE 38 


VAN DER WaALS ATTRACTION CONSTANTS FOR TUB InERT GaSES 



a X 102* 

3 (in Volts) 

fltheor X 10 * 

flexp. X 10-* 

He 

0.20 

25.5 

4.8 

3.5 

Ne 

0.39 

25.6 

25.8 

21 


1.63 

17.5 

144 

135 

Kr 

2.46 

14.7 

254 

240 

Xe 

4.00 

12.3 

432 

410 


In fact, if formula (34) is applied to the forces of attraction acting be- 
tween atoms of the inert gasQS, there is very remarkable agreement with 
experience. Certainly these forces, in view of the spherical symmetry 
of the charge shells in the inert gases, can be attributed neither to orienta- 
tion nor to induction effects; in them we have the pure dispersion effect, 
and the principle of its calculation can be tested fairly rigidly by com- 
parison with experimental values. A glance at Table 38 shows that from 
He to Xe the increase of the van der Waals force constant a occurs very 
satisfactorily, and that the theoretical values agree astonishingly well with 
the exjierimental. We should remember that no factors other than polariz- 
ability and energy of ionization have been used in this calculation. 

Since these two magnitudes are constants specific to the molecule itself, 
the dispersion effect is not dependent upon temperature. 

d) Co-action of the Three Types of Secondary Valences 

In the majority of cases the three special types of force just mentioned 
will contribute jointly to the molecular interaction responsible for the 
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van der Waals attraction. The total effect, then, is the sum of a com- 
ponent independent of temperature, a component slightly dependent upon 
temperature and a component strongly dependent upon temperature. 
The individual contributions are summarized in Table 39. We see that 


TABLE 39 

Contributions of the Different Fractions of the van der Waals Forces 



! 

Dispersion 

forces 

Induction forces 

Orientation forces 

Appearing in 

All molecules 

Dipole 

molecules 

Quadru- 

pole 

molecules 

Dipole 

molecules 

Quadru- 

pole 

molecules 

The contribution to potential de- 
pends upon 


— 

— 

— r~® 

— r“5 

Dependence on temperature 

nil 

slight 

fairly marked 


TABLE 40 


van der Waals Attraction Constants for Polyatomic Molecules 


1 

2 

3 

4 

5 1 

6 

7 

Substance 

a X 1024 

h 

cmVnioI 

^ in 
volt 

van der 
Waals 

aX10-« 

Calcu- 
lated by 
London 

Calcu- 
lated by 
Slater 

HCl 

2.71 

53,5 

13.7 

, 3.66 

1 2.12 

2.56 

HBr 

3.85 

58.9 

13.3 

4.42 

3.83 

3.93 

CO 

1.99 

51.5 

14.3 

1.44 

1.24 

1.86 

N 2 O 

3.00 

58.8 i 

11.23 

3.77 

1.59 

3.82 

H 2 S 

3.78 

57.3 ! 

10.42 

4.43 

2.95 

3.93 

NO 

1.78 

34.6 

14.4 

1.29 

1.46 

2.42 

N 2 

1.74 

52.8 

17 

1.34 

1.09 

1.45 

O 2 . . . ... 

1.57 

42.5 

13 

1.36 

0.89 

1.81 

CI 2 

4.60 

73.0 

18.2 

6.32 

6.03 

5.48 

CO 2 

2.86 

57.1 

15.45 

3.61 

2.50 

3.60 

CH 4 

2.58 

57.0 

14.5 

2.24 

1.92 

2.23 

C 2 H 2 

3.32 

68.4 

12.25 

4.39 

2.22 

3.02 

C 2 H 4 

4.10 1 

76.3 

12.2 

4.45 

3.10 

3.84 

CjH, 

4.50 

85.3 

12.75 

5.39 

3.42 

4.53 


dipole force diminishes by lower powers of r than the other two effects; 
at greater distances, therefore, the former will predominate and at smaller 
distances, the latter. 

A calculation by London and Eisenschitz®® of the van der Waals a in a 
F. London and R. Eisenschitz, Z, Physik, 60, 520 (1930). 
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series of polyatomic molecules shows that, even with fairly high polarity, 
the dispersion effect always supplies a very considerable share of the 
total attraction. ^ 

Table 40 gives a few data regarding the calculation of the van der Waals 
a for polyatomic molecules; there is always fair agreement between the 
measured and calculated internal pressure constant. The ratio of induc- 



Fig. 22. Combined action of induction, orientation and dispersion effects. 


tion to dispersion effect can be clearly seen from Table 41; it is evident 
that even with a very strongly dipolar molecule like water, the mutual 
polarization is only about 20% of the dispersion effect. The orientation 
effect of the permanent dipoles in such molecules so largely dominates the 
two other effects that it is not surprising that one was inclined for a long 
time to attribute the van der Waals forces mainly to the interaction of 
permanent dipoles. 
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Fig. 22 shows the co-action of all three effects in HCl, H 2 O, NHa and 
SO 2 and demonstrates that in all cases where the distance is short the 
dispersion effect predominates, whereas at greater distances, the orienta- 
tion effect becomes increasingly apparent; the polarization component then 
plays only a subordinate r6Ie. The ratio between directional effect and 
dispersion effect may be calculated directly for simple molecules; it is 


TABLE 41 

Ratio op Induction to Dispersion Effect 



M X 10« 

axm 

Q in volts 

Induction 

Dispersion 

CO 

■BHEIH 

1.99 


0.0008 

HBr 

0 . 7 a 

3.85 


0.020 

HCl 


2.71 

13.7 

0.048 

NH, 

1.50 

2.21 

16 


HoO 

1.84 

1.48 

18 

0.20 



TABLE 42 

Ratio op Dipole Force to Dispersion Force 



HCl 

HD 

NHi 

HaS 

HCN 

^0.617X1012 

0.29 

1.53 

1.02 

0.164 

1.64 


evident from equations (30) and (34) that it depends upon the magnitude 
of the quotient 

Q = ^’ X 0-617 X 10>» . 
a® 3^ 

Table 42 shows values for this quotient; if they are small compared with 
unity, as is usually the case, the dispersion effect is predominant, if thej’ 
reach unity or over, the influence of the permanent dipoles prevails. 

In small, weakly polarizable molecules, having strong, easily accessible 
moments — H 2 O, SO 2 , HF — the directional effect may be so promineni 
that it causes the formation of double molecules. Particularly intense 
interactions always take place if strong dipoles are present on the one 
hand and easily polarizable molecular components are available, on the 
other. In such cases it may be anticipated that well defined portions oi 
larger molecules interact and give rise to stable, stoichiometrically con- 
structed complex compounds. 

Although it is customary in the kinetic theory of gases, and is certainlj 
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justifiable in the mathematical treatment of perfect gases, to regard in- 
dividual molecules as rigid elastic spheres, it is in no way legitimate to 
do so if we are considering their interaction over short distances. On the 
contrary, we must bear in mind in this case that molecules — ^in close enough 
proximity — are extraordinarily sensitive and reactive. They have no less 
than three different possibilities of interaction and it will be the further 
purpose of this presentation to show what finer features enter into the 
formation of radicals, the aggregation of particles and later also the con- 
struction of crystals. 

3. General Remarks on the Formation of Molecule Aggregates 

We shall begin by discussing those cases which give rise in vapor, in 
solution and notably in the liquid phase, to more or less durable groups of 
molecules without the formation of chemical compounds capable of isola- 
tion. The arrangement brought about by the influence of molecular forces 
is in these cases so quickly destroyed by thermal agitation, that any two 
molecules remain only momentarily in close proximity and are unable 
to form an aggregate vibrating for a longer period about a definite position 
of minimum potential energy. In spite of this, the tendency to associa- 
tion as such may be quite appreciable, because, when a molecular group 
breaks up, each of the components immediately joins to form a new group. 
Any given molecule thus nearly always finds itself in some sort of group 
association but never in the same one for long. Groups are always present 
but they very rapidly interchange their components in space and time. 

a) Aggregate Formation hy Dipole Forces 

Relations have already been stated on page 92 for expressing in the 
case of parallel and anti-parallel arrangement, the potential of the mutually 
attracting particles as a function of the distance; these relations indicate 
directly the conditions under which the two dipoles assume the parallel 
position, and so are able to promote chain formation, and those under 
which they prefer to assume the anti-parallel arrangement. 

The ratio r\ (parallel arrangement) to rl (anti-parallel) determines this. 
It depends upon whether the centers of the molecules are brought nearer 
together by one arrangement or the other. Conditions for HF are illus- 
trated in Fig. 23, due to G. Briegleb; in this case r\ ^ 2rl (44 43) so 

that the question cannot be decided in the absence of further information; 
on the other hand, in water there is a preference for the series arrangement 
of the dipoles; here, 2rl, > (128 > 22) which Jona was able to confirm 

87 M. Jona, Physik. Z.,>0, 14 (1919). 
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by measuring the molar polarization at low temperatures, where the H 2 O 
vapor is still partially associated (see Fig. 24). 

Briegleb^® was also able to obtain data on the depth of the potential 
trough, through which such favored positions are stabilized with regard to 
the individual effects; we obtain for water, for a distance 2.8 A between the 
centers of gravity, a binding strength of the dipole pair of 3500 cal. per 
mol. We arrive at similar values for H 2 F 2 , while methyl fluoride, on 
account of the increase in distance caused by the CH3 group, shows a 
weaker association tendency. If we pass to longer chains, the anti- 


HzO 

10 '^* 



Fig. 23. Association of HF Fig. 24. Association of HjO to double 

to H 2 F 2 . molecules. 


parallel arrangement of the dipole molecules gradually prevails, as is 
readily apparent on geometrical grounds. The addition of water to 
ketones, which, according to Stuart,^® Wolf'*® and Meerwein^* should 
conform to the pattern shown in Fig. 25 due to Briegleb,^® is of interest. 
In this, the spatial screening of the C=0 dipole favors the appearance of 
a chain-like series arrangement. 

If a dipole — C=0, OH, NH 2 — is heavily loaded with purely homopolar 
groups, it may happen that the minimum distance within which the polar 

G. Briegleb, Zwischenmolekulare Krdfte und Molehuhtruktur . Stuttgart 1937, 
p. 62 et seq. 

*9H. A. Stuart, Z, Physik, 51, 490 (1928). 

40 K. L. Wolf, Z. physik, Chem., (B) 2, 39 (1928). 

41 H. Meerwein, Ber., 62, 999 (1929); 66, 411 (1932). 

4* G. Briegleb, l.c. book p. 67. 



100 


PRIMARY AND SECONDARY VALENCES 


groups of two molecules can approach is so great that the directional effect 
becomes less consequential than the dispersion effect of the apolar groups. 
That is, when the r values associated with the centers of gravity of the 
dipoles are large, the apolar groups can naturally approach much closer. 

The properties of the molecules involved then 
resemble very closely those of the correspond- 
ing hydrocarbon. An excellent example of 
this is shown in Table 43 which gives boiling 
points, according to Briegleb, of the isomeric 
butyl alcohols as a measure of inter-molecu- 
lar forces. 

Under the influence of a suflSciently strong 
dipole, even the electron shells of a symmet- 
rical molecule, such as a tetrahedral one can 
be deformed so much that a considerable 
dipole moment results. There is likewise a 
possibility, under certain conditions, of a de- 
formation of the nuclear framework. For ex- 
ample, Ulich^® was able to demonstrate a very considerable dipole mo- 
ment (2.46 X in liquid SnCh, while in the gaseous state the 

substance has a moment of practically zero and exhibits complete tetra- 
hedral symmetry. The same is true with AICI 3 , TiCh and other metallic 
halides. Moreover, highly symmetrical molecules may deform one another, 
as we may infer, for example, from the lattice of the monoclinic modifica- 
tions of CBr 4 described by Mark.**^ 

TABLE 43 

Boiling Points of the Isomeric Butyl Alcohols 


Substance 

Boiling 

point 

C 4 H 9 OH normal 

117 

secondary 

99 

tertiary 

83 

CsHij 

37 




Fig. 25. Position of water on 
diethyl ketone. 


Fig. 26 shows, according to Briegleb, the angular deformation which 
may occur in BeCU under the influence of a polar organic molecule when 
the two are in contact. In Fig. 26 the C==0 group is taken as the deform- 

«H. Ulich, Angew, Chem., 44, 750 (1931). 

«H. Mark, Ber,, 67, 1820 (1924). 
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ing dipole; its influence ceases when the effective spheres of CO and Be 
make contact (see p. 121). 

The symmetry of the electron shell is naturally altered more easily by 
the field of a highly polar molecule than is the nucleus. The first conse- 
quence is the induction of a moment with all the resulting phenomena 
already discussed. Occasionally, however, deformations of this type pro- 
ceed further and lead to very interesting transition phenomena, which 
are intermediate between the types of linkage previously outlined. Ac- 
cording to Meerwein,^® they may play an important r61e, on account of 
their peculiar reactivity, in homogenous catalysis through the grouping 
and formation of intermediate compounds. 



Fig. 26. Angular deformation in BeCh by a polar molecule. 


Thus, Onsager^® has suggested that, in the association of two alcohol 
molecules according to the scheme of anti-parallel assemblage 

H H 

/ \ 

a) R — O O — b) R — 0 0 — ^R 

/ \ 

H H 

a quantum mechanical resonance effect is possible, because the two ar- 
rangements, a) and b), which result from an exchange of hydrogen atoms 
between the two molecules, display the same energy but have different 
geometrical arrangements; therefore they can give rise to a quantum 
mechanical exchange resonance. Such a resonance can, of course, appear 
only if the two structures remain sufficiently long in a favorable geometrical 
position. The dipole forces, however, serve to do just this. As a result 
of such a resonance, we may expect a particular stability of this complex 
with simultaneous attachment of the two H atoms to each molecule. 
Actually it can be observed that the Raman line of the OH frequency for 

^®H. Meerwein, J. prakt. Chem.f 141, 123 (1934). 

^•L. Onsager, /. Am. Chem. Soc., 58, 1486 (1936). 
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alcohols in transition from gaseous to liquid state is practically extin- 
guished, which can readily be explained in terms of the above. 

Similar conditions obtain, according to Gilette and Sherman, in the 
interaction of two carboxyl groups leading to the formation of the well 
known double molecules of fatty acids. The formulas indicate 


.O-H 0. 
R.C<^ ^C-R' 

X) H— 0/ 


.0 H-0. 
RCf 

^0— H 0 ^ 


that, by the exchange of two hydrogen atoms, it is possible to construct 
two arrangements of the atoms which are equal in energy value but dif- 
ferent geometrically. In terms of quantum mechanics, this corresponds to 
the case that several Eigen-functions (possibilities of geometrical arrange- 
ment) belong to one and the same Eigen-value (total energy of the system) 
and the term degeneration will be applied to it. The result of this degen- 
eration is that an intermediate stage consisting of both arrangements above 
is produced, which is more stable with regard to energy than either one 
of them. According to Sidgwick,^® this intermediate may be considered 
as one in which the two hydrogen atoms are continually changing places 
at a definite frequency between the two molecules. The dipole attraction 
contributes to this effect viz. : in the first place, it produces the arrangement 
depicted above — which gives rise to resonance — at the same time helping 
to stabilize it over a long period in face of the destroying influence of 
thermal agitation. We, therefore, have before us a case in which dipole 
force and quantum mechanical effect (namely an exchange effect of the 
first order) reinforce each other. 

Recently a very interesting survey on the hydrogen valence {hydrogen 
bond or bridge) was given by Huggins.^® The Table 44 gives brief infor- 
mation regarding the energy of dissociation which is needed to break 
hydrogen bridges between different atoms, Table 45 regarding the length 
of these bridges. It seems that this bond not only plays an important 
r61e during the formation of molecular compounds, but it also influences 
to a very high degree the cohesion and the symmetry of crystals. In high 
polymeric chemistry, hydrogen links seem to be important factors in the 
structure of cellulose and keratin. 


R. H. Gilette and A. Sherman, /. Am, Chem. Soc,, 68 , 1135 (1936). 

N. V. Sidgwick, Electronic Theory of Valence. Oxford 1929. 

M. L. Huggins, J. Org. Chem.y 1 , 407 (1936); cf. also J. M. Robertson, Science 
Progr.y 23 , 663 (1939); E. N. Lassettre, Chem. Rev., 20 , 259 (1937); S. C. Stanford and 
W. Gordy, J. Am. Chem. Soc., 62 , 1247 (1940). 



AGGREGATE FORMATION BY DISPERSION FORCES 


103 


A considerable deformation of the electron cloud seems to result also in 
BF3, AICI3 and AlBr3 under the influence of strong dipoles, in the sense 
that, through this additional polarization effect, the bonds between the 
central metallic atom and the halogens become more polar. Thus, accord- 
ing to Klemm,®° by addition of the molecule of NH3 to AlBrs, the character 
of the AlBr binding is displaced towards the polar side, so that, ultimately, 
by the entrance of more NH3 molecules, the molecular addition com- 
pound AlBr 3 -NH 3 is converted into an ionic interstitial compound 
[Al(NH3)3]^+^Bri-. 

Briegleb and Lauppe®^ were able to detect in the Raman spectrum a 
similar effect in the molecular association between AICI3 and ether. 


TABLE 44 TABLE 45 

Length of Hydrogen Bridges Dissociation Energy op Hydrogen 

Bonds 


Bridge 

Length in A 

Bond 

Dissociation energy 
in oal. pei* mol 

F— H— F 

2.25-2.51 

F—H— F 

6.2 

0-H— 0 

2.50-2.30 

0— H— 0 

5.9-10.15 

N— H— N 

2.65 

C~H— N 

6. 1-7.8 

N— H— F 

2.63 

N— H— F 

6.0 

N— H—O 

2.76-2.88 

C— H-0 

N— H— 0 

4. 1-6.0 

6. 0-6. 8 


h) Aggregate Formation by Dispersion Forces 

It has previously been shown that dispersion and induction forces 
decrease with distance between interacting molecules to a much greater 
extent than do the dipole forces they can therefore be mutually 

effective only when the particles are very close together. Experience con- 
firms this expectation. While, as explained above, the force effects 
between dipole molecules in the gaseous state and also in the state of more 
or less dilute solution may induce the formation of associations of long 
duration, the corresponding effectiveness of the dispersion forces is re- 
stricted to the production of very transient groups in the liquid state, 
possibly also in very concentrated solutions. 

Briegleb®^ has suggested that the individual particles in molecular groups 
whose composition fluctuates in space and time must on the average 

W. Klemm, Z. anorg. allgem, Chem,, 200, 367 (1931). 

G. Briegleb and J. H. Lauppe, Z. physik, Chem., (B) 28, 154 (1935). 

Cf. G. Briegleb,* book l.c. p. 50 et seq. 
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always arrange themselves preferably parallel to the axes or planes of 
their maximum polarizability, so that molecular interaction is strongly 
promoted by maximum packing density of rod-shaped or laminated 
molecules, since the forces depend so much upon distance. Later, in dis- 
cussing the liquid phase, we will describe in detail the experimental 
methods on which present ideas about liquid structure are based; in 
anticipation it may be observed that both the interferometric investigation 
with x-rays, the Kerr effect and the degree of depolarization prove beyond 
doubt the existence of such clusters and show that non-polar chain mole- 
cules, e.g. paraffins, olefines, etc., orient themselves parallel to their long 
axes, whereas laminated ring systems, such as benzene, naphthalene, etc. 
arrange themselves parallel to the plane of the ring. The well known ex- 
periments of Langmuir on the behavior 
of monolayers are excellent examples for 
\ the aggregation of long chain molecules. 

) De Boer®^ estimated the magnitude of 

/ the effect in benzene. If we calculate, 

' from quantum mechanical postulates on 

electron distribution in the benzene nu- 
cleus, the interaction between two benzene 
\ molecules in the position of Fig. 27, we 

/ must assume — on the basis of the effective 

/ radii of the PI atoms given in Table 11 — a 

^ distance of 3.5 A between the centers of 

Fig. 27. This position of the two .i . • u 

benzene rings is not favorable ■ the two rings. At the same time we should 

to the formation of an association remember that easily mobile and therefore 

configuration. highly polarizable charge components near 

the center of the ring (which, according 
to E. Hiickel,®^ correspond per ring to about the equivalent of two elec- 
trons, and are responsible for the aromatic character of the molecule), 
cannot approach very closely and are screened from one another by the 
highly stable periphery of the ring. If, however, the two benzene rings 
are placed in the position of Fig. 28, their centers can approach each other 
to within a distance of about 2.6 A and the easily polarizable components 
of both charge clouds can lie directly opposite each other. 

An estimation shows that the energy of interaction in the Fig. 28 
position is about three times as great as that of Fig. 27 and its absolute 
value is about 10^ cal. per mol. The formation of groups or clusters offer- 


** J. H. de Boer, Trans, Faraday Soc., 32, 10 (1936). 
M E. Hiickel, Z, Physik, 70, 204 (1931); 76, 628 (1932). 
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ing resistance to thermal dissociation is thus feasible. De Boer has 
suggested that in polystyrene the benzene rings in close spatial proximity 
may probably assume the parallel arrangement shown in Fig. 28 and it 
is conceivable that through this mutual effect the original flexibility of 
the polymethylene chain is very adversely affected, so that the resilient 
properties of the substance diminish at ordinary temperature. Poly- 
styrene does, indeed, possess rubber-like properties to a certain degree at 
higher temperatures where the mutual effect of the substituted benzene 
rings, which per se is not very great, becomes even less. 

In conclusion, a few rules governing boiling points may be mentioned. 
The boiling points of hydrocarbon chains are known to rise with length 
of chain and to fall in branched chains having the same number of carbon 
atoms, because, on branching, the molecule becomes more bulky and on 
purely geometrical grounds a denser packing of the reacting groups becomes 
difficult. The possible effect of geometrical pack- 
ing on the boiling point is shown in Table 46, 
in which boiling points of normal hydrocarbon 
chains are compared with those of the cor- 
responding ring systems. The open chains possess 
a certain measure of free rotatory power, which 



is opposed to a regular parallel arrangement; in 
the cycloparaffins, however, it is to be expected 
that the free mobility of the methylene groups is 
greatly restricted and is limited merely to vibra- 
tions of moderate amplitude. Therefore the ring- 


Fig. 28. Most favorable 
position of two benzene 
molecules for the forma- 
tion of a group preferred 
on energy grounds. 


shaped molecule should be better able to form aggregates than the open 


chain. A glance at Table 46 shows that experiment fully confirms this 


expectation. 


TABLE 46 

Boiling Points of Paraffin Chains and Closed Rings 



B.P. 


B.P. 


B.P. 

B.P. 

B.P. 

Pentane 

o 

CO 

Hexane 

69° 

Heptane 

98° Nonane 

150° 

Heptadiene 107° 

Cyclo- 


Cyclo- 


Cyclo- 

Dicyclo- 


Cyclo- 

pentane 

50° 

hexane 

80° 

heptane 

118° nonane 

170° 

heptadiene 118° 


We have tried in the foregoing to outline a general picture of the mode 
of action of intermolecular forces in the formation of aggregates preferred 
on considerations of energy. Now we shall proceed to discuss a few cases 
in which the existence of these forces leads to the production of relatively 
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more stable molecular associations than those which have been investi- 
gated previously. 

4. Molecular Associations and Intermolecular Forces 

From the large number of previously studied molecular associations 
which owe their existence to the action of intermolecular forces, we shall, 
in this section, which is merely a preliminary to the discussion of the 
properties of high polymers, select only two groups and discuss them in 
some detail. 

a) The molecular associations of unsaturated hydrocarbons and 

b) The molecular associations in the carboxylic acids. 

In both cases the application of the general viewpoints outlined above 
will afford a fairly deep insight into the mechanism of the formation of 
these molecular associations and throw light on the analogous relationships 
in high polymeric substances. 

a) The Molecular Associations of Unsaturated Hydrocarbons 

We shall first discuss the molecular associations of organic nitro com- 
pounds with unsaturated hydrocarbons^ familiar since the time of Pfeiffer^® 
and more recently studied in detail particularly by Briegleb,®® Bruni,®^ 
Hertel,®® Lennard-Jones®® and other workers. All the evidence indicates 
that the easily mobile charge components of the aromatic and aliphatic 
unsaturated hydrocarbons are polarized by the strong dipole fields of the 
nitro groups. There ensues an attraction and the electron clouds of the 
two molecules are brought nearer together in consequence; the result is 
that the dispersion effect comes into play and the stability of the associa- 
tion is assured. The relatively far-reaching dipole fields therefore ensure 
the proximity of the two components of the association; the dispersion 
force stabilizes it. 

This view receives strong support from the data in Table 47, for which 
we are indebted to Briegleb and his co-workers.®® They show that the 
energy of formation of the molecular association between trinitrobenzene 
and various aromatic hydrocarbons increases with the average polariza- 

P. Pfeiffer, Organische Molekillverbindungen, 2nd ed. Stuttgart 1927. 

“ G. Briegleb, Z. physik. Chem., (B) 19 , 265 (1932); 26 , 63 (1934); 27 , 474 (1935); 
31 , 68 (1935); 32 , 305 (1936). 

" G. Bruni, Gazz. Chim. ital., 34 , 474 (1904); 36 , 304 (1905). 

E. Hertel, Z. physik. Chem., (B) 11 , 59, 90 (1930). 

J. E. Lennard- Jones, Trans. Faraday Soc., 22, 1, 37 (1936); Proe, Roy. Soc., 
London, 46 , 476 (1931). 

Cf. the book of G. Briegleb, table 13 on p. 106 and table 14 on p. 107. 
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bility of the substances, from which latter the induction and dispersion 
effects can be calculated. The stability of the existing molecular associa- 
tion seen from Table 48 agrees entirely in order of magnitude with expecta- 
tion; a dipole of the strength of about 4 X 10“^®, as in the nitro group, 
exerts, according to Briegleb,®^ an attraction potential of about 2000 cal. 
per mol on a molecule with an average polarizability of 20 X 10“^^ cm®, 
such as occurs in the unsaturated hydrocarbons, at a distance of 3 A. 


TABLE 47 

Energy of Formation of the Molecular Associations of Trinitrobenzene 
WITH Aromatic Hydrocarbons (Solvent CCL) 


Hydrocarbon 

Naphtha- 

lene 

Phenan- 

threne 

Anthracene 

Energy of formation in Cal. . . 

Average molecular polarizability XIO^^ . . 

3.4 

18.2 

4.0 

26.4 

4.4 

30.8 

Hydrocarbon 

Styrene 

Phenyl- 

butadiene 

Diphenyl- 

butadiene 

Energy of formation in Cal ... 

Average molecular polarizability XIO^* 

1.81 

14.18 

2.15 

18.85 

2.88 

32.6 


TABLE 48 

Heats of Formation of Molecular Associations as Affected by the Number 

OF Nitro Groups 


Compound 

s-Trinitrobenzene 

Acenaphthene 

m-Dinitrobenzene 

Acenaphthene 

Nitrobenzene 

Acenaphthene 

U in Cal 

2.45 

1.35 

Very small 

Compound 

e-Trinitrobenzene 

Naphthalene 

m-Dinitrobenzene 

Naphthalene 

Nitrobenzene 

Naphthalene 

U in Cal 

3.4 

1.6 

Very small 

Compound 

8-Trinitrobenzene 

Anthracene 

m-Dinitrobenzene 

Anthracene 

o-Dinitrobenzene 

Anthracene 

u in Cal 

3.6 

1.5 

2.9 



Moreover, the number of nitro groups has a very important influence, 
as shown by Table 48, on the bond strength of the resulting molecular 
association; recent measuremerits of Halban and Zimpelmann®^ and of 
Briegleb and Schachowsky®® have proved this. 

Cf. the book of G. Briegleb, p. 110 et seq. 

®2H. V, Halban and E. Zimpelmann, Z, physik. Chem,, (A) 117, 461 (1925). 

G. Briegleb and Schachowsky, Z. physik, Chem,t (B) 19 , 255 (1931). 
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It is possible from these direct experimental findings, which express 
the stability of the associations in terms of energy, to derive valid concepts 
regarding the spatial arrangement of the two components of such a molecu- 
lar association. The actions of forces involved will certainly reach their 
maxima with a parallel arrangement of the ring planes of the two asso- 
ciating molecules. Figs. 29 and 30 of Briegleb,®^ seen in plan and in 
elevation, probably express the most favorable association of dinitroben- 



Fig. 29. Side view of the complex naphthalene (above) -p-dinitrobenzene (below); 
the ranges of action are indicated by the faint outlines. 



Fig. 30. Complex anthracene (heavy line) -m-dinitrobenzene (dotted line) 

seen from above. 

zene with naphthalene and anthracene respectively. We may infer from 
the first figure, which represents the atoms of the two molecules and their 
spheres of action in the proper proportions, that such a position ensures the 
maximum proximity of the two charge clouds; any oblique position of one 
or other partner would considerably enlarge the distances involved in the 
interaction. Fig, 30 shows again that in this grouping, the permanent di- 

** Cf. the book of G, Briegleb, p. 109 and 110, 
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poles of the nitro groups 4 X 10“^*) attain very close proximity to any 
particularly easily displaceable charge components found near the center 
of the benzene rings and can therefore polarize them especially strongly. 

Before we pass to the discussion of molecular associations of aliphatic 
carboxylic compounds it may be observed that the peculiar aptness 
of aromatic systems for the formation of such associations is probably due 
to the fact that on ring closure the free rotatory power of the individual 
CH groups is annulled and, that, again through ring closure, larger charge 
components of higher polarizability are closely compressed in space 
thus becoming readily susceptible to the deforming effect of strong dipole 
fields. 


TABLE 49 

Binding Strength of a Few Molecular Associations between Nitro Aromatics 
AND Condensed Ring Systems 



Binding energy 
of the molecular 
association of 
s-trinitrobenzene 
in Cal. 


Binding energy 
of the molecular 
associations of 
anthracene in 

Cal. 

U 

observed 

; U 

calcu- 

lated 

1 

U 

observed 

U 

calcu- 

lated 

With benzene 

ca. 0.6 

1.8 , 

With o-dinitrobenzene.. . . 

3.0 

2.9 

‘‘ styrene 

1.8 

2.6 

m-dinitrobenzene. . . 

1.6 

1.5 

“ naphthalene . . . 

3.4 

3.1 

p-dinitrobenzene... . 

1.45 

1.2 

anthracene 

1 

4.4 

4.6 

s-trinitrobenzene. . . 

4.6 

1 

3,6 


Orientation associations of trinitrobenzene with styrene, stilbene and 
other polyenes are known; the number of associated nitro groups is gen- 
erally equal to the number of the phenyl residues in the molecule. Kuhn 
and Winterstein®® conclude from this, that — in the sense of the above 
information — the nitro-aromatics prefer interaction with the benzene 
nucleus to that with polyene chains. 

Briegleb®® undertook the attempt of estimating the binding strength of 
a whole series of molecular associations on the basis of the charge distribu- 
tion, obtained by quantum mechanics, in the aromatic ring systems and 
in the aliphatic conjugated polyene chains; he arrived at the data given in 
Table 49. Comparison with a few data determined experimentally 
confirmed this estimation completely and gives us confidence in the accu- 

R. Kuhn and H. Winterstein, Helv. chim, Acta^ 11, 144 (1928). 

88 G. Briegleb, Z. vl^ysik, Chem., (B) 26, 63 (1934); 27, 474 (1935); 31, 58 (1935). 
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racy of other calculated energies of formation at least with regard to order 
of magnitude. 

In conclusion, molecules other than nitro-compounds, having strong 
total moment or strong group moments, e.g. AICI3, quinone, phthalic 
anhydride, can produce with molecules possessing easily polarized groups 
molecular associations of remarkable stability, the production of which 
should be governed by the theory outlined above. 

b) Molecular Associations between Carboxylic Acids 

The existence of double molecules of carboxylic acids has been recognized 
for a long time. Fenton and Garner®^ and more recently Coolidge®® have 
furnished proof in the gaseous aggregate state by measuring vapor density. 
Molecular weight determinations in solution were carried out some time 
ago by Trautz and Moschel®® and by a number of other authors with the 
same result, and numerous exceptions to the Trouton and Eotvos rule in 
the liquid state are additional proof of the existence of associations. 

We have already shown on page 63 the arrangement between two 
carboxyl groups which, after preliminary attraction of the dipoles, affords 
the possibility of a quantum mechanical exchange resonance and which 
is probably responsible for the production of molecular associations in 
chains of not excessive length. Actually, Pauling and Brockway^® have 
confirmed experimentally the existence of such an arrangement in lower 
members of the carboxylic acid series by electron deflection. Moreover, 
the extensive studies carried out by Muller, Trillat,^^ Langmuir and others 
over a long period into the arrangement of fatty acid chains in the crystal 
and in liquids by the aid of x-rays, all show that the interaction between 
the carboxyl groups is mainly that of the van der Waals forces between 
such molecules. 

This view is also supported by the fact that on esterifying the group, 
the tendency to form molecular associations is completely lost. In terms 
of the information on page 63 there are two reasons for this. First, by 
steric screening, the effect of the dipole field of the COOH group is dimin- 
ished and, in the absence of a mobile H atom, any quantum mechanical 

M. Fenton and W. E. Garner, /. Chem. Soc.y 1930, 694. 

A. S. Coolidge, J. Am, Chem, Soc,y 60, 2166 (1928). 

Trautz and W. Moschel, Z, anorg, allgem, Chem,y 166, 13 (1926). 

L. Pauling and L. O. Brockway, Proc. Nat, Acad, Sc, USAy 36, 430 (1930). 

’'i Cf. A. Miiller, Proc, Roy, Soc, LondoUy (A) 164, 624 (1936) and many investiga- 
tions published in the same periodical in the last 15 years. 

” Cf. J. J. Trillat, Ann.phys,y 6, 5 (1926), J. J. Trillat and H. Motz, 7, 101 (1928). 
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resonance effect is impossible. The H valence of Pauling^* and Sidgwick^^ 
is cut out on replacing the hydrogen by an alkyl group. 

Table 50 sets out the energy relationships. It is evident, at least in 
acids with short chains, that the energy of formation of the double molecule 
decreases on enlarging the non-polar group, the reason being that its 
presence prevents minimum approach of the carboxyl groups. 

To what extent the non-polar lipoid components of long-chain hydro- 
carbon molecules screen the effect of the polar hydrophile, and outwardly 
attain the ascendancy through their own f»rce effects, cannot be stated 
with certainty. It is, however, very probable that the COOH group 
is responsible, in the sense discussed above, for the presence of double 
molecules of benzoic acid in benzene; whereas, for an association effect 
in water, it is rather a case of interaction of benzene nuclei, because in 
aqueous solution the COOH groups must certainly be extensively hy- 
drated. 


TABLE 50 

Energy op Formation of Double Molecules of Simple Carboxylic Acids 



Formic acid 

Acetic acid 

Heptoic acid 

Benzoic acid 

B.P 

U in Cal 

374. 3°K 
14.3 

391. 3°K 
13.8 

496. 3°K 
7.05 

5.6 


Moreover, the well-known experiments of Adam,^® Langmuir,^® RideaP^ 
and others on the spreading of fatty acids and other long-chain compounds 
on the surface of water show that in the adsorption of the COOH groups 
by the water surface, the tensile properties of the resulting film are 
mainly determined by the parallel orientation of the chains under the influ- 
ence of non-polar dispersion forces and depend in characteristic fashion on 
chain length and on the extent of branching. In addition, Traube^s law 
on the heats of adsorption of homologous fatty acids confirms the influence 
of the lipoid fraction of these molecules. We shall return later to the 
very marked interaction between different types of molecules in the liquid 
phase in the section on solutions. Here, in concluding the discussion of 
well-defined molecular associations, the above data may be sufficient. 

L. Pauling, Proc, Nat Acad. Sc. US Ay 13, 359 (1928). 

V. Sidgwick, Ann. Rep. Chem. Soc. 30, 110 (1933); Properties of Covalent 
Link. Ithaca 1933. cf. also M. L. Huggins, J. Org. Chem., 1, 407 (1936). 

N. K. Adam, The Chemistry of Surfaces. 2nd Ed. Oxford 1938. 

I. Langmuir, Colloid Chemistry. New York 1926. 

E. K. Rideal, Surface Chemistry. 2nd ed., London 1930. 
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c) Calculation of the Molecular Cohesion 

A few quantitative data have already been given regarding the magni- 
tude of the intermolecular forces, which show that, generally speaking, 
secondary valence forces exist of the order of 500-5000 cal. per atom or 
atomic group, while the chemical primary valences are found in the region 
of 20,000-200,000 cal. per mol. 

A very interesting paper by M. DunkeP® will now be cited which is of 
similar importance to the secondary valences as is Table 51 for the primary 
valence. * 

We should like to see a table prepared also for the intermolecular 
forces, to which the term molecular cohesion has been applied by K. H. 
Meyer because of their importance to the structure of the solid and liquid 
phase in which the secondary valence forces radiating from the principal 
groups are tabulated, at least, according to the order of magnitude of 
their energy dimensions. 

For the data in Table 18 the dissociation energies of the primary valence 
bond, i.e. the heats of comhustion, had to be used, but now we must consider 
the energy of overcoming molecular cohesion, which is measured by the 
heats of sublimation and vaporization or by the van der Waals constant a. 
For the latter, and for the Sutherland constant closely allied to it, van 
Laar^® has already established certain additive relationships. These 
are expressed even more definitely in the well known Traube rule for the 
heats of adsorption of homologous series, which, according to Eucken,®® 
are closely related to the heats of vaporization. 

Heats of vaporization doubtless constitute the best experimental 
material for deducing such relationships. M. Dunkel®^ has collected data 
for some years and has estimated from them the molar cohesion of the 
principal typical groups of organic molecules. The difficulty which 
arises here in contrast to the Fajans-v. Weinberg®^ calculation of the 
primary valence forces is due to the fact that, because of the large absolute 
values in the first case, the effect of temperature on these forces, i.e. the in- 
fluence of specific heats and of chemical constants, can be ignored, while the 
experimental vapor pressure curves would lead to completely erroneous 
heats of vaporization if the specific heats were neglected. Measurements at 

78 M. Dunkel, Z. physik. Chem., (A) 138, 42 (1928). 

78 J. J. van Laar, J, chim, phys.y 14, 3 (1915). 

80 A. Eucken, Z. physik. Chem.f (A) 134, 280 (1928). 

81 Cf. M. Dunkel and K. L. Wolf, Miiller-Pouilletj Lehrbuch der Physik, Vol. IV, 
3, p. 579. 

8* K. Fajans and A. v. Weinberg, Ber. 63, 1347, 1519 (1920); 66, 2829 (1922). 



CALCULATION OF THE MOLECULAR COHESION 


113 


very low temperatures would be of greater value but these are practically 
non-existent. Dunkel then sought to sift out, to some extent quantita- 
tively, the contribution of certain groups to the heats of vaporization, 
in the following way. 

The vapor pressure of a substance is determined by two factors: the 
gain in energy on evaporation and the ratio of phase volumes at absolute 
zero which are available to a molecule in the solid or gaseous state re- 
spectively. The first factor comprises the heats of vaporization whose 
temperature dependence is determined by the difference between specific 
heat in vapor and in condensate; the second factor measures the a 'priori 
probability that we are concerned with a molecule in the condensed or in 
the free state and is proportional to the chemical constants of the particular 


TABLg 51 

Molar Cohesion op Different Organic Groups 


Group 

Molar 
cohesion in 
cal. per mol 

Group 

Molar 
cohesion in 
cal. per mol 

-CH,1 

^CHsj 

-=CH— J 

— 0— 

1780 

990 

1630 

— NHa 

— Cl 

Only approximately known: 

— F 

3530 

3400 

2060 

—OH 

7250 

— Br 

4300 

:=C0 

4270 

— J 

5040 

—Clio 

4700 

— NOj.. 

7200 

— COOH 

8970 

— SH 

4250 

— COOCHs 

5600 

— CONH 2 

13200 

— COOCalls 

6230 

— CONH— 

16200 


substance. The boiling point rules and the other rules mentioned above 
lead us to suppose that in homologous series both factors are combined 
additiv^ly as are other properties of such molecules. Mathematical 
checking has confirmed this conjecture. Within certain limitations there 
was very satisfactory additivity of the two constants in the vapor pressure 
formula. Table 51 records the molecular cohesion increments for the most 
important groups in organic compounds. By its help and with the equally 
approximate additive term corresponding to the chemical constants, 
the boiling points in homologous series may be calculated in good agree- 
ment with experiment. 

The limitations previously referred to are related to the mutual dis- 
turbance and interaction of individual groups in the molecule; the additive 
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influences are then masked by the constitutional. Thus, it is not possible 
to make up the increment of the carboxyl group additively from the 
increments of the hydroxyl and carbonyl groups, although it is feasible, 
according to Eucken,^ to do this for the dipole moment to a first approxi- 
mation. For the increment of the heat of vaporization, not only the rigid 
dipole but to a large extent also the polarizability of the newly formed 
groups has to be taken into consideration. Excellent examples for the 
vectorial additive superposition of separate group dipoles to dipole moment 
of the whole molecule have been furnished recently by polarization meas- 
urements and tabulated by Debye®^ in his book on ‘'polar molecules.'^ In 
particular, the approach of groups to oppositely charged ions (COOH 
and NH 2 ) requires a special treatment. 

The modern experimental methods of investigating dipole molecules 
attributable to Debye have greatly extended our knowledge regarding 
the connection between dipole character and chemical constitution and 
concern essentially these constitutional influences. If, however, we com- 
pare only homologous or polymeric homologous series with one another, 
and confine the evidence to these substances, we can construct to a first 
approximation the molar cohesion of such organic compounds additively 
from single increments. Consequently, in these series, with increasing 
molecular weight the molar cohesion also increases nearly proportionally 
to chain length. 

From the relation between dipole character, polarizability and consti- 
tution, it follows that isomeric compounds with the same or similar 
atomic grouping, can never be distinguished quantitatively on the basis 
of van der Waals forces, for the component moments possible in organic 
molecules all lie below 5 X they can at one time be somewhat strength- 

ened by superposition and at other times weakened, but not to the extent 
that there is a very considerable difference in their external effect. The 
polarizabilities of the groups concerned are also of the same order of magni- 
tude. If, however, two substances of the same empirical composition 
are on the one hand soluble or volatile, on the other completely insoluble 
and incapable of distillation, we must conclude from our present general 
knowledge of intermolecular forces that the molecular weights of the 
two substances differ. Should we wish to ascribe quantitative differ- 
ences in molar cohesion to different arrangement of the individual groups 
in the molecule, then we must assume ad hoc a new type of association 

A. Eucken, Physik, Z., 30, 397 (1930); Z. Elektrochem.j 28, 6 (1922). 

** P. Debye, Polar Molecules. New York 1929. 
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forces, previously unknown, although there is no other evidence in organic 
chemistry for their existence. 

In the present chapter, which has been devoted essentially to the 
discussion of intra- and inter-molecular forces, reference has repeatedly 
been made in describing the latter, to the behavior of substances in the 
condensed phases, i.c. in the liquid and solid phase, in order to obtain 
criteria; it is now time to proceed to a comprehensive discussion of the 
structure of solids and liquids, in which our knowledge of the magnitude, 
form and internal mobility of molecules and the forces uniting them will 
find very effective application. 




D. CRYSTAL STRUCTURE, LATTICE FORCES AND 
CHEMICAL STRUCTURE OF THE UNIT CELL 

In order to reduce to some extent the mass of confusing facts brought 
to light by research on the properties of crystalline solids in recent years, 
it has been necessary to evolve a suitable classification and to form into 
groups individuals of known similarity. With this object in view, it soon 
appeared that two characters were particularly suitable as governing 
principles: firstly, the forces of cohesion in a crystal and secondly, the 
crystal symmetry. 

In course of time two systematic methods of considering solids were 
evolved in parallel, one of which placed emphasis on the type of lattice- 
forming forces, while the other relied mainly on lattice symmetry. At 
first it seemed as if there were no relation between the two methods 
of classification, because lattices with the same symmetry were found which 
certainly owed their cohesion to entirely different forces and conversely, 
similar forces resulted occasionally in very different symmetries. On 
further investigation, however, it appeared that considerations of sym- 
metry occasionally furnished important evidence on the type of lattice 
forces, although they gave no indication of their magnitudes. 

It appears advisable in the present discussion to describe both classifica- 
tions of crystals in as great detail as our present knowledge permits and to 
emphasize their interaction at those points which are connected with the 
structure of high polymeric substances. 

I. CLASSIFICATION OF CRYSTALS FROM THE ASPECT OF FORCES 

From the fundamental researches of W. H. and W. L. Bragg, ^ V. M. 
Goldschmidt,^ H. G. Grimm, ^ L. Pauling* and others, the facts are most 

^ Cf. especially the fundamental books of W. H. and W. L. Bragg on X-rays and 
Crystal Structure, 4th edition, London 1924; Crystalline State, London 1934. Very 
extensive information can also be found in R. W. G. Wyckoff^s book on The Structure 
of Crystals, 2nd edition; New York 1931; and in the monograph of G. L. Clark, 
Applied X-rays, 3d edition; New York 1940. 

2 V. M. Goldschmidt, Ber. 60 , 1263 (1927); Naturwiss., 14 , 477 (1926). 

* H. G. Grimm, cf . esp. his article in the Handhuch der Physik. Berlin, Ist edition 
1926; 2nd edition 1936. Vol. 24, part 2. 

^ L. Pauling, Proc. Roy, Soc. LondoUf (A) 111 , 181 (1927). 
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Classification of Crystal Lattices According to Their Bond Type 

(H. G. Grimm) 
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Further 
examples of 
different 
lattice types 
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NiAs (?) 

ZnS (Wurtzite) 
ZnS 

(Zincblende) 

BN 

LiOH 

CO 

CI 2 

CHaCi 

Lattice type 

Class of compound 

Ionic lattice (salts) 
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Co-ordination number. 
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conveniently represented by recognizing four different force effects in 
the lattice of a crystal. These are: 

a) The heteropolar primary valences between oppositely charged ions, 

b) The homopolar primary valences between neutral atoms, 

c) The metallic primary valence and 

d) The van der Waals secondary valence forces between saturated 
molecules. 

Conditions are simplest if the same force is effective in all three spatial 
directions in the given crystal; in this case true ionic lattices, true 
atomic, metallic and molecular lattices are obtained. It may happen, 
however, — and these cases will later be shown to be of special interest — 
that in one and the same lattice different types of forces prevail in the 
different directions in space, and result in mixed lattices and transition 
phenomena which will be discussed after the simple cases. 

The nature of each of the four above named forces is already known 
to us from the discussion of intra- and inter-molecular forces and it remains 
only to describe here the type of product that results if these forces are 
lattice-forming. Table 52 gives a summary of pure lattice types, arranged 
according to the lattice forces acting. 

1. The Ionic Lattice 

The development of the experimental technique for investigating 
crystal structure by x-rays led first to the study of the simplest inorganic 
substances, i.e. the binary salts, and to the elucidation of their space lat- 
tices. The abundant data thus obtained were naturally an inducement 
to a search for conformity to rules. 

Researches of W. L. Bragg,® K. Fajans,® H. G. Grimm^ and L. Pauling® 
have thrown light on the fundamentals of these laws and the compre- 
hensive work of V. M. Goldschmidt and his co-workers® has formulated 
them decisively and proved them with much new experimental material. 
The principal results of this crystallo-chemical research are the following: 

1. To a first approximation, the individual ions in the structure of sol\d 
bodies behave as rigid spheres. Each of them, e.g. the univalent Na ion, 
the divalent Fe ion, etc. possesses a definite ionic radius which is specific 
to it and persists practically unchanged in the passage from one lattice 

* W. L. Bragg, for instance Phil, Mag., 40, 169 (1920); see also the fundamental 
book, cited on page 9, ref. 1). 

* K. Fajans, Z. Physik, 2, 299 (1920). 

^ H. G. Grimm, l.c. on p. 117. 

* L. Pauling, l.c. on p. 117. 

® V. M. Goldschmidt, Die Gesetze der Kristallchemie. Oslo 1925. 
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to the next. Table 53 gives a few examples. It is evident from this 
table, for example, that the range of the Na ion in the solid state is to a 
great extent independent of the partner with which it builds up the lattice. 
Deviations from this rule amount on an average to about 1-2%, if the lat- 
tice types compared are similar to one another (commensurable structures). 

By the aid of the concept of rigid ions, Goldschmidt has been able to 
show that the ratio of the ionic radii is of decisive importance for the 
appearance of one or other lattice types in binary salts. He applied an idea 
that A. Magnus^^^ first used in the elucidation of the co-ordination numbers, 
namely, that a system of spheres of different size is stable if the smaller of 
these spheres exactly fill the space formed by the larger ones. 

Fig. 31 (a) shows, for example, that the space between four Cl ions, 
which have a radius of 1.8 A is just filled exactly by the quadrivalent 


TABLE 53 

Ionic Radii of Various Alkalies and Alkaline Earths 


Ion 

Ionic radius calculated 

From the fluoride 

From the chloride 

From the bromide 

Li+ 

0.68 

0.76 

0.79 

Na+ 

0.98 

1.00 

1.01 

K+ 

1.33 

1.33 

1.33 

NH 4 + 

— 

1.36 

1.49 


From the oxide 

From the sulphide 

From the selenide 

Mg++ 

0.78 

0.80 

0.81 

Sr++ 

' .1.27 

1.19 

1.21 


positive silicon ion with the radius 0.4 A, while the space formed by six 
chlorine ions would be too great for one silicon ion; it would not fit firmly 
into it but would move loosely. In contrast, six fluorine ions of radius 
1.3 A, in forming an octahedron, provide the exact amount of space re- 
quired by a quadrivalent silicon ion, as shown in Fig. 31 (b). If eight 
fluorine ions are combined in cubic arrangement, the resulting space is 
too large for the silicon ion, but is exactly filled by the rather larger osmium 
ion as shown in Fig. 31 (c). Magnus explained in this simple way the 
increase in co-ordination number from 4 to 6 and to 8 or from the ratio 
of the ionic radii. The application of this idea to the elucidation of the 
different types of lattice has led Goldschmidt to an extensive classification 
of ionic lattices which is in excellent agreement with experimental evidence. 


A. Magnus, Z, anorg. allgem, Chem.j 124, 291 (1922). 
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2. To a second approximation, there are certain small but systematic 
departures from the rigid spatial behavior of ions in the solid state: the 
ionic radius depends upon the co-ordination number and generally increases 
with increasing co-ordination number. This raises the question of whether 
an increase in the number of like ions within a co-ordination sphere can, 
by their mutual repulsion, leave a larger cavity for the central ion, so that 
a larger requirement of space should be allowed. Table 54 will give 
an idea of the magnitude of 
this effect. Experience shows 
further that the difference in 
the space requirement (cal- 
culated from the ionic radius) 
may amount in the Pb^^ ion, 
for example, to 11%; the 
absolute values of the differ- 
ences come to tenths of an 

o 

Angstrom. As a matter of 
experience, they find very little 
expression in the general properties of crystals— -melting point, hardness, re- 
fractive index, and so on — and do not influence essentially the strength 
of the bond between the central atom and the coordinated atoms. 


TABLE 54 

Change in Distance on Change in Co-ordination Number 


Transition from co-ordination 
number 

To co-ordination number 

Reduction in distance of 

8 

6 

3% 

6 

4 

5-7% 

12 

8 

3% 

12 

8 

3.6% 




c) OsFs 


Fig. 31. Geometrical explanation of the differ- 
ent co-ordination numbers according to A. 
Magnus. 


3. In addition to the above mentioned purely geometrical aspects, there 
is also a dynamic property of the ion which has a considerable influence 
on its crystallo-chemical behavior; its polarizability, or, according to 
Fajans,^^ its deformability. If a negative ion with readily movable elec- 
trons (e.g. iodine) enters the field of a small positive ion, the charge cloud 
of the former will attract the positive ion, the nucleus will repel it and 
the deformed ion will be characterized, not only by its charge, but also by 
an induced dipole moment. While formerly the interaction of the two 


« K. Fajans, Naiurwiss,, 11 , 105 (1923); Z. Kriat., 61 , 18 (1925). 
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ions was described by two spherically symmetrical Coulomb fields, we 
must now take into account the axially symmetrical dipole field of the 
deformed ion; while previously the centers of gravity of the masses and 
charges coincided, this is no longer the case, but a portion of the negative 
charge of the deformable ion is deposited preferably between the nuclear 
centers of gravity. 

Goldschmidt has shown by a large body of evidence that the polariza- 
tion of an ion is very essential for the lattice type, particularly in the sense 
that, in the absence of polarization, highly symmetrical groupings are 
preferred, whereas — due to the lower symmetry of the deformed ion — the 
result of increasing polarization is always a less symmetrical arrangement. 
Accordingly, we obtain lattice forces of different strengths in different 


TABLE 55 

Relation between Hardness and Lattice Structure 



BeO 

ZnO 

ZnS 

ZnSe 

Particle distance 

1.65 

1.97 

2.35 

2.48 

Hardness 

9 

5 

4 

3-4 


CdSe 

HgSe 

ZnTe 

CdTe 

Particle distance 

2.63 

2.63 

2.64 

2.80 

Hardness 

3 

2.8 

3 

2.8 


CC 

SiC 

SiSi 

GeGe 

Particle distance 

1.54 

1.89 

2.35 

2.43 

Hardness 

10 

9.5 

7 

6 


directions, the rigid or at least approximately rigid ionic radius loses its 
significance and the behavior of a given ion is to a high degree dependent 
on its neighbor, its size and polarizing action. Compounds with highly 
polarizable constituents consequently form a whole series of lattice types 
which exhibit a wide range of physical and chemical properties; their 
melting points, hardness, solubilities, etc. differ even in order of magnitude 
from one another. Table 55 gives a few examples taken from Gold- 
schmidt^s extensive experimental data. 

The following conclusions may be drawn from a review of the above 
mentioned results of x-ray examination of inorganic, solid substances: to a 
first approximation, every lattice component in the lattices of salts, metals 
and intermetallic compounds is characterized by a definite space require- 
ment, corresponding to a definite particle radius. This particle radius is, 
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however, to a second approximation, not a fixed magnitude, but it depends 
upon the number of the surrounding particles, possibly oppositely charged. 
In non-rigid ions, e.g. in all heavy metal ions, however, the purely spatial 
concept is no longer adequate, and to understand the actual conditions, 
it is necessary to consider, in addition to the Coulomb interaction of fixed 
charges, their deformability as well. The fact that there are ions of every 
polarizability, leads to inorganic lattices of the most diverse structural 
types having, therefore, widely differing physical properties. 

The application of these ideas by Goldschmidt has furnished not only a 
classification of existing lattice types, but has led to a very real under- 
standing of the properties of solids, and to the prediction of a whole series 
of binary compounds which in the meantime have been prepared in part,’ 
and so has confirmed the foregoing laws of crystallo-chemistry, both with 
regard to their range of existence and their physical properties. 

The following deductions for the case of the rigid ion may be drawn as a 
quantitative result of this method of consideration : 

1. An insight into the radii (or packing) of all important ions occurring 
in crystals. This quantitative material, in the hands of V. M. Gold- 
schmidt,^^ fj. G. Grimm,^® P. NigglP^ and others, is a very productive 
source of many interesting conclusions regarding the stability of inorganic 
compounds, the tenacity and hardness of these substances and the geo- 
chemical distribution of the elements. In the present discussion, where 
we are more interested in organic substances, it may suffice to give an 
extract to include those elements which are, or may be, of importance in 
organic compounds. Table 56 gives a few ionic radii of such substances. 

2. The possibility of determining lattice dimensions quantitatively by 
the aid of a suitable expression for the forces prevailing between the 
lattice points. One equation of two terms first used for the potential of 
univalent ions was 


U(.r) = -- + ^ (34) 

r r” 

e = particle charge a and n = constants 

The first term expresses the Coulomb attraction between the oppositely 
charged ions, the second describes the repulsive forces which arise if the 
two charge shells are brought too near together; values between 9 and 11 

V. M. Goldschmidt, Die Gesetze der Kristallchemie. Oslo 1925; and Ber, 60, 
1263 (1927); Naturwiss., 14, 477 (1926). 

H. G. Grimm, article in the Handbuch der Physikr, Vol. 24, part 2, p. 923. 

P. Niggli, Der feste Kdrper^ Leipzig 1938, p. 1. 
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are obtained for n. Table 57 by Lennard-Jones^® shows how nearly the 
lattice distances d and the compressibilities % can be calculated by the 
use of the above equation for simple ionic lattices. 

As in the case of the length of the edge of the cell, the angle may also 
be calculated in lattices of low symmetry, as may be seen from Table 58 
due to W. L. Bragg, in which the rhombohedral angles of several carbonates 
have been calculated with astonishing accuracy. The change in lattice 
constants with pressure — the compressibility — can also be obtained to a 
very fair approximation. 


TABLE 56 

Ionic Radii in 10~* cm (Inert-gas-like Ions) 





Li^- 

Be2+ 

B*+ i 

c*+ 

N6+ 

o«+ 1 

F7+ 




0.60 

0.31 

0.20 

0.15 

0.11 

0.09 

0.07 




0.78 

0.34 

__ 

--0.2 

0.1-0.2| 

— 

_ 

N8- 

02- 

F- 

Na+ 

Mg2+ 

Al«+ 

Si4+ 

ps+ 

s«+ 

Cl’+ 

1.71 

1.40 

1.36 

0.95 

0.65 

0.50 

0.41 

0.34 

0.29 

0.26 

— 

1.32 

1.33 

0.98 

0.78 

0.57 

0.39 

0.3-0. 4 

0.34 

— 


S2- 

Cl- 

K+ 

Ca2+ 

Sc»+ 

Ti4+ 

V6+ 

Cl«4- 

Mn’+ 

2.12 

1.84 

1.81 

1.33 

0.99 

0.81 

0.68 

0.59 

0.52 

0.46 


1.74 

1.81 

1.33 

1.06 

0.83 

0.64 

^0.4 

0.3-0. 4 

— 

As*- 

Se*- 

Br- 

Rb+ 

Sr2+ 

Y*-*- 


Nb6+ 

Mo«+ 


2.22 

1.98 

1.95 

1.48 

1.13 

0.93 

0.80 

0.70 

0.62 


— 

1.91 

1.96 

1.49 

1.27 

1.06 

0.87 

0.69 

— 


Sb»- 

Te»- 

J- 

Cr+ 

Ba2+ 

La»+ 

C©4+ 




2.45 

2.21 

2.16 

1.69 

1.35 

1.15 

1.01 




__ 

2.11 

2.20 

1.65 

1.43 

1.22 

1.02 





The two values are obtained in two independent ways. 


3. Similarly, the lattice energy — which is determined experimentally 
from the heat of sublimation — is also susceptible to theoretical estimation. 
To obtain good agreement, one must, of course, take into consideration 
the exchange forces of the electron shells in close proximity and the zero 
energy in addition to the two purely electrostatic terms of equation (34). 
J. Mayer^® has done this for the halides of thallium and silver and has 
found very satisfactory agreement with experimentally determined data. 
Table 59 is a proof of this. 

Cf. J. E. Lcnnard- Jones, Trans. Faraday Soc.y 24 , 100 (1928); 28 , 333 (1932; 
Proc. Phys. Soc., 43 , 461, 475 (1931). 

Born and J. E. Mayer, Z. Physikj 76, 1 (1932); M. L. Huggins and J. E. 
Mayer, J. Chem. Phys., 1 , 643 (1933). 
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The conditions are less simple in lattices with polarizable ions. Born 
and Heisenberg^ ^ have been able to derive a potential expression which 
gives the lattice energy in fair agreement with experiment. The contri- 
bution of the polarizability to the total potential lies between 10 and 20%. 
In addition, the frequencies of the natural vibrations of the ions in such 
lattices may be predicted very successfully. 

TABLE 57 

Calculation of Lattice Distances and C'ompressibilities 


According to Lennard- Jones 


Salt 

NaF 

NaCl 

NaBr 

Nal 

d calcd.l ^ 
d obs. / 


2.30 

2.85 

2.99 

3.19 


2.31 

2.81 

2.97 

2.23 

\obs. 



3.88 

4.20, 4.3 

4.51 

5.08, 5.3 

5.18 

7.1 

Salt 

KF 

KCl 

KBr 

KI 

d calcd.l ^ 
d obs. / 


2.63 

3.13 

3.24 

3.47 


2.66 

3.14 

3.28 

3.52 



— 

6.23 

7.92 

8.17 


— 

5.63, 5.2 

6.70, 6.4 

8.54, 8.8 

Salt 

RbF 

RbCl 

RbBr 

Rbl 

d calcd.l 9 
dobs. J 


3.37 

3.24 

3.43 

3.58 


3.66 

3.27 

3.42 

3.65 



— 

8.10 

7.72 

9.26 



7.3 

7.94, 8.2 

9.58, 9.3 

Salt 

CsF 

CsCl 

CsBr 

Csl 

d calcd.l ^ 
d obs. J 


2.97 

4.21 

4.34 

4.56 


3.00 

4.12, 4.30 

4.29 

4.56 



— 

7.71 

5.9 

8.58 

7.0 

9.31 

9.3 


If a lattice consists of a small, very compact ion and a large, easily 
polarizable ion, the effect of the deformation may be so great that the 
purely heteropolar type of bond is lost and a lattice results whose proper- 
ties resemble those of a molecular lattice. Hund^® has investigated this 
problem and found that layer lattices result generally in these cases, in 

M. Born and W. Heisenberg, Z. Physik, 23, 388 (1924). 

18 F. Hund, Z. Physik, 34, 833 (1925). 
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which the charge shell of the larger ion is powerfully attracted towards 
the center of the smaller one. 

A further important transition type arises if, in the salts of organic 
compounds such as sodium benzoate or potassium stearate, a small positive 
metallic ion is adjacent to a negatively charged organic residue, because 
the latter may exert special dispersion forces in addition to van der Waals 
forces of other kinds and the lattice is stamped with homopolar character. 

In both instances the lattice is strongly anisotropic in regard to strength 


TABLE 58 

Rhombohedral Angle in the Calcspar Type 
According to W. L. Bragg 


Substance 

Rhombohedral 

a calculated 

a observed 

MgCO, 

4.61 edge in A 

28' 

103° 21.5' 

ZnCOa 

4.64 

103° 18' 

103° 28' 

TICO3 

4.70 

103° 6' 

103° 4.5' 

MnCOs 

4.77 

102° 52' 

i 

0 

0 

i(MgCa)CO, 

4.78 

102° 44' 

102° 53' 

CdCOs 

4.92 

102° 15' 

102 ° 30' 

CaCOs 

4.96 

102° 4' 

101° 55' 


TABLE 59 

Lattice Energies of Silver and Thallium Halides in Cals. 



AgF 

AgCl 

AgBr 

Agl 

TlCl 

TlBr 

TU 

U theor 

219 

203 

197 

190 

167 

164 

159 

U observed 

217.7 

205.7 

201.8 

199.2 

170.1 

165.6 

160.8 


Difference 

-1.3 

2.7 

4.8 

9.2 

3.1 

1.6 

1.8 



because very strong lattice forces are effective along certain directions and 
very much weaker ones along others. 

In conclusion, we may say that simple lattices with purely electrostatic 
interaction between the ions can very well be governed by equation (34) 
and that important transition cases in the direction of molecular lattices 
may be obtained from them. 

2. The Atomic Lattice (Diamond Type Lattice) 

This comprises all lattices which cohere by homopolar primary valences 
in all three directions in space. The character of the linkage has already 
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been discussed;^® Grimm®® was able to prove experimentally the existence 
in the diamond lattice of the charge cloud causing the homopolar pattern. 

This type of lattice is not always easily distinguishable from the ionic 
lattice, but Grimm and Sommerfeld have succeeded in establishing criteria 
for deciding whether an element or a compound crystallize in the same 
manner as diamond. The lattices to come under consideration are essen- 
tially the diamond type and the very similar wurtzite type. Elements 
belonging to this class are: C, Si, Ge and Sn; compounds include AIN, 
CSi, ZnS and CdS. 

On account of the great binding energy of the homopolar valence, all' 
these substances are very compact, high melting, hard crystals, some of 
which have considerable technical importance. 

The absence of a simple, well substantiated potential expression makes 
it impossible to estimate lattice constants, angles, lattice energies and other 
crystal constants; it has merely been possible, by comparing several lattices 
of the diamond or wurtzite type, to derive empirical rules for atomic 
distances in relation to bond strengths, which show that, under otherwise 
identical conditions, the stronger linkage corresponds to the smaller 
atomic distance. 


3. The Metallic Lattice 

This type is characterized by the presence of the metallic linkage; 
metallic lattices show electrical conductivity, strong reflectivity and gen- 
erally high melting point. The nature of the metallic link has already 
been indicated. 

Bernal divides the metallic elements into two groups, which he desig- 
nates as true and false metals (see Table 60). This distinction is sharp 
in many cases but in many others it vanishes almost completely. The 
true metals crystallize with high symmetry, they generally possess very 
high conductivity and show a decrease in this property on fusion; the 
other elements crystallize, as a rule, in lattices of low symmetry and show 
low conductivity which generally increases on melting. These substances 
represent a certain transition to atomic lattices. 

The number of intermetallic compounds is extremely large and their 
x-ray investigation has revealed many interesting results, the description 
of which would lead us too far afield. 

The extent to which we can express the metallic linkage quantitatively 
has already been shoVn on page 89; an excellent analysis of the corre- 

Comp. p. 85. 

H. G. Grimm and collaborators, l.c. on p. 89. 



128 CRYSTAL AND CHEMICAL STRUCTURE OF UNIT CELL 

spending charge distribution has been carried out by Grimm, as pre- 
viously mentioned. Table 61 compiled by Haber^^ ^i^y be added here; in 
this, the lattice energy of highly symmetrical metallic lattices is calculated, 
by analogy with ionic lattices, from the opposing effects of a force corre- 
sponding to the Coulomb force and a repulsive force, in which the repulsion 

TABLE 60 

Division of the Metallic Elements 


By J. D. Bernal 


True metals (Class 1) 

Semi metals (Class 2) 

Substance 

Alkali metals 

Alkaline earth metals 

Rare Earths 

Ti-Cu (without Mn) 

Zr-Ag 

Hf-Au, Th, U 

Zn, Cd, Hg, Ga, In, (Tl), 
Ge, Sn, (Pb), As, Sb, Bi 

Crystal lattice 

Face- or body-centered or 
hexagonal close packing; 
Co-ordination Number 12 
or 8 

Loosely packed structures; 
Co-ordination Number 8 

Change of properties on 
fusion 

Decrease in electrical con- 
ductivity 

Increase in electrical con- 
ductivity 


TABLE 61 

Repulsive Forces and Lattice Energies in Metallic Crystals 
According to Haber 



Li 

Na 

K 

Rb 

Cs 

Cu 

Ag 

A1 

n from the compressibility. . . 

2.44 

2.90 

3.18 

3.64 

3.62 

8.0 

9.0 

7.0 

lattice energy, calculated from n 

lattice energy found = heat of vapori- 

6.51 

5.69 

5.04 

5.02 

4.68 

11.73 

10.50 

8.56 

zation 4- heat of ionization 

— 

5.87 

5.13 

4.88 

4.56 

10.69 

10.17 

8.71 


All energies are in 10^^ erg per molecule. 


exponent is determined from the compressibility. It is evident that, in 
contrast to the true ionic lattices, very uncertain values (from 2.44 to 9.0) 
are obtained for these repulsion exponents, the reason being that a binomial 
expression is only a mathematical aid. Nevertheless we obtain quite useful 
values for lattice energies. 


H. G. Grimm and co-workers, l.c. on page 89. 

22 F. Haber, Sitz. Ber. Preuss, Akad. PFiss., 1919 , 506, 990. 
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The three types of lattice discussed here have the common property 
that their cohesion is due to homogenous valence forces in all three spatial 
directions; they may therefore be designated as valence lattices. Because 
of the magnitudes of the lattice force, they are all characterized by a more 
or less high heat of sublimation, great hardness and high melting and boil- 
ing point. Entirely different properties are met with in the type now to 
be discussed, in which secondary valences in all three directions cause the 
cohesion of the lattice. 


4. Secondary Valence Lattices 

These lattices cohere by van der Waals forces; they have a low melting 
point and sublime readily. The majority of organic substances crystallize 
in this lattice type. 


a) Secondary Valences and Density 

If a primary valence bond e.g. between carbon and nitrogen has a value 
of 1.4-1. 5 A, it may legitimately be assumed that atoms not united by 
primary valence must maintain a considerably greater distance. In 
solving the problem of the distances between adjacent atoms in neighboring 
molecules, it is convenient to consult first the very numerous x-ray deter- 
minations of structures available today. These indicate that the distances 
all lie between 3 and 4.5 A, i.e. they arc on an average 2.5 times as great 
as the value corresponding to a primary valence. This reflects the char- 
acteristic difference between hoinopolar valence linkage and van der 
Waals cohesive force to which we referred in discussing individual 
molecules. 

This distance of 3-4.5 A which corresponds to the lattice forces in 
molecular lattices, may, through its frequent occurrence, account for the 
fact that interference it produces is especially intense. Thus, for example, 
in the fatty acids the reflections are especially intense in those planes which 
contain the chains and, consequently, have the same interplanar distance 
that also separates the individual chains and corresponds to the lattice 
forces. In liquids also, where, it is true, the oriented lattice coherence is 
lost but where the average distances of the molecules are determined by 
van der Waals cohesion forces, we find very frequently indistinct inter- 
ference rings; when these are interpreted, they show that a lattice plane 
distance of about 4 A prevails in the liquid also, at least, statistically. 
From the x-ray diagrams of hydrocarbons, e.g. of liquid isoprene, an aver- 
age molecular distance of about 4 A can be calculated from the ring. 
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Finally, the well known researches of Adam,^^ Langmuir, RideaP® and 
others on monomolecular films have shown that the distance of the separate 
molecules in such a film, e.g. in the simple fatty acids amounts to 4.3 A. 

These facts indicate the validity, in dealing with crystal lattices in which 
the molecules cohere by homopolar valences, i.e. where heteropolar, elec- 
trostatic binding plays no part, of assigning distances of 1.2-1. 6 A to the 
primary valences and values of 3.0-4.5 A to the secondary valences. This 
hypothesis supplements the previous diagrammatic structural formulas of 
organic chemistry by quantitative spatial data, and provides molecular 
patterns which are one step nearer to reality. Further, by taking the 
cohesive forces into consideration, the previous mode of thought is ex- 
tended, because we shall no longer be content to deduce from a rational 
structural formula merely the chemical behavior of the individual molecule. 
In addition we expect to understand the physical properties of the lattice 
arising from the molecule, exactly as the Goldschmidt crystallo-chemistry 
combines lattice properties with ionic properties for the ionic lattice. Just 
as in that case, we can employ here the predicted and experimental facts 
to prove that certain molecules which would have been admissible pre- 
viously by structural chemistry cannot actually exist. 

From the foregoing facts, it is possible to make a few qualitative asser- 
tions regarding the density of carbon compounds. 

We know that in the diamond lattice all atomic distances are of the 
order of 1.55 A, whereas in the lattice of solid methane the distance be- 
tween adjacent C and H atoms must be about 2.5 times as great. Thus, 
it is immediately evident that the specific volume of the C atom in methane 
must be many times greater than that of the C atom in the diamond, and 
therefore the density of the latter must be many times greater. In the 
recent x-ray investigation of solid methane carried out by H. Moog, the 
mutual distance between two molecular centers was determined; it 
amounted to 4.2 A; the density determination gave a value of 0.415 as 
compared with 3.51 in diamond. The density of the diamond is therefore 
eight times that of solid methane. 

In graphite, the distances between adjacent atoms in the principal 
plane are 1.45 A, while perpendicular thereto the smallest distance amounts 
to 3.3 A. We have before us a lattice which coheres in two directions by 
normal primary valences and by secondary valences in the third direction 

23 Cf. N. K. Adam, The Chemistry and Physics of SurfaceSj 2nd ed., Oxford 1938. 

2^ I. Langmuir, Chem. Rev,, 13, 147 (1933). 

2® E. K. Rideal, Surface Chemistry, 2nd ed., London 1930. 
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perpendicular to these (layer or network lattice; see p. 159). The densities 
of diamond and graphite should, by reason of the identity of the atoms 
and the shorter C — C distance in the reference plane of graphite, have the 
ratio 1.53:1; the actual density ratio is 1.52:1. 

Proceeding from graphite, let us finally imagine a carbon lattice, which 
coheres in one direction through primary valences and in the two other 
directions by secondary valences. Such a structure is impossible from 
carbon atoms alone where tetrahedral valence holds, but we can conceive 
of its being realized, e.g. from a carbon chain of double bonds alone. Its 
density must lie, according to the distance law, between 0.8 and 1.1, 
according to the particular manner of separation between the chains. 

The smaller the regions of primary valence in the lattice, the greater 
is the specific volume and consequently the lower the density. Extreme 
values are represented by diamond (p = 3.51) and methane (p = 0.415). 
The densities of all organic compounds containing only carbon, oxygen, 
nitrogen and hydrogen must therefore be intermediate; layer lattices have 
densities of about 2.2, chain or filament lattices about 1.5. The ordinary 
molecular lattice with closed lattice units which we shall in future refer 
to as micro units, following Weissenberg, must have densities between 
0.6 and 1.5. 

An examination of the experimental data confirms the accuracy of this 
theory, the principle of which is to be sought in the difference between 
primary and secondary valences in organic compounds which, although 
schematic, has been proved by experiment. In clear contrast, the hetero- 
polar inorganic lattices extend over a considerably larger density range, 
because in them the polarization properties are effective in addition to 
spatial requirements and they produce more complicated conditions. 

The result of the marked difference between primary and secondary 
valences in the lattices of normal organic substances is that the molecules 
which are familiar in the gaseous state always remain clearly recognizable 
as especially closely packed, correlated atomic groups; application of the 
molecular concept to the solid state for this class of substance, therefore, 
presents no difficulty. The case is entirely different for the layer and chain 
lattices and in the diamond. As in the ionic and atomic lattices of inor- 
ganic substances, it is impossible to delimit special atomic groups in the 
crystal lattice, which corresponds to the chemical molecule of the other 
states. A new terminology is really needed to describe the existing condi- 
tions intelligibly. In the next chapter on page 151, in discussing the 
different lattice types, the system of lattice units developed by Weissenberg 
will be briefly described. 
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b) Different Types of Secondary Valence Lattices 

Lattice force can be made up of all three components of intermolecular 
interaction; generally each of them will contribute a definite amount to 
the total lattice energy and it will, as a rule, not be easy to separate them 
entirely. Many cases, however, are again characterized by a definite 
secondary valence effect, and are useful in affording an insight into the 
activity of secondary valences as lattice forces. These cases will be dis- 
cussed in rather more detail in view of the importance of applying this 
knowledge to high polymers. 

True dispersion forces are present to all appearances in the lattices of 
inert gases. These substances crystallize in very highly symmetrical 
arrangement — cubic face-centered — both the lattice constants and the 
heats of sublimation are easily obtainable experimentally. Eisenschitz 
and London, 2® by employing the calculation mentioned on page 93 of 
the quantum mechanical component of the van der Waals forces for the 
lattice energy of a cubic crystal, which coheres only through such force 
effects, have derived an equation of the form 


__59 Sa^N 
2* rS ’ 

N = number of molecules in the given crystal. 
3 = Energy of ionization. 


(35) 


a = Polarizability of the lattice units. 
To = Distance of the lattice units. 


If, by its aid, we calculate the heats of sublimation of lattices which cohere 
by virtue of true dispersion forces, we obtain the data given in Table 62, 
which agree well with the experimental values cited in column 4. Mar- 
genau^^ has improved this agreement still further by taking into account 
the interaction of dipole and quadrupole terms of the zero vibration. 

It is interesting that in HCl and HBr, which already possess quite 
considerable dipoles, there is an appreciable deviation in the sense that 
the lattice energy calculated on the basis of dispersion force alone is too 
small, because interactions of a dipole nature intervene. The fact, how- 
ever, that in these lattices the quantum mechanical forces play a very 
important part is clear from the data in Table 62 and from the calculations 
of Born and Kornfeld,^® who for a long time have tried to adopt a true 


R. Eisenschitz and F. London, Z, Physiky 60, 520 (1930). 
*7 H. Margenau, Phya. Rev.y 38, 1785 (1931). 

M. Born and G. Kornfeld, Physik. Z., 24, 121 (1923). 
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dipble lattice for the hydrogen halides, in which a high symmetrical spatial 
arrangement of parallel and anti-parallel dipoles is present (Fig. 32), 
resulting in a general mutual attraction. Calculations show, however, 

TABLE 62 


Comparison op Calculated and Observed Heats op Sublimation 


1 

2 

3 

4 

Substance 

a X 1024 in cm* 

Lattice energy calcu- 
lated in Cal/mol 

Lattice energy observed 
in Cal/mol extra- 
polated to 0° abs. 

Ne 

0.39- 

0.40 

0.59 

A 

1.63 

1.83 

2.03 

Nj 

1.74 

1.61 

1.86 

O 2 . . 

1.57 

1.48 

1.89 

CO 

1.99 

1.86 

2.09 

CH 4 

2.58 

2.47 

2.70 

C 12 

4.60 

7.18 

7.43 

HI 

5.40 

6.50 

6.21 

HCl 

2.63 

4.04 

5.05 

HBr . ... 

3.58 

4.53 

5.52 

NO 

1.76 

2.04 

4.29 



Fig. 32. Lattice with 
cohesion due to dipole 
forces alone (Born and 
Kornfeld). 



Fig. 33. Elementary cell of the CO 2 lattice; black 
circles are C atoms, white are O atoms. 


that it is impossible to obtain the heats of sublimation found by experi- 
ment for a lattice of this type if dipole force alone is admitted. 

Carbon dioxide gives a lattice which resembles Fig. 32 in structure. 
In it, as shown in Fig. 33, the rod-shaped CO 2 molecules lie parallel to 
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the spatial diagonals of a cube of edge length a = 6.63 A and in such a 
way that any two neighboring ones are always perpendicular to one 
another. In this arrangement, the C=0 dipoles to which may be ascribed 
a group moment of about 4 X produce, in molecules lying perpendic- 
ular to the dipole axis and separated by a distance of 3.5 A, induced mo- 
ments whose interaction with the permanent group moments may constitute 
the main component of the lattice force. The low boiling point of carbon 
dioxide (compared with H 2 O or CS 2 ) is obviously due to the fact that the 
intermolecular interaction described above is only weak. Unfortunately, 
there is at present no accurate mathematical treatment of the lattice of 
CO2, so that we cannot say to what extent the intervention of dispersion 
forces must be assumed. To emphasize again the true conditions, the 
molecule CO2 with its proper space-filling is reproduced in Pig. 34, due 
to H. A. Stuart. 

The ice lattice has been investigated 
with considerable accuracy. Its sym- 
metry and its heat of sublimation give 
clear indications regarding the interac- 
tion of the OH groups, as shown especi- 
ally by Bernal and Fowler. Having 
regard to the great importance of the 
hydroxyl groups in cellulose and starch, 
it is permissible to discuss the structure 
of this lattice in considerable detail here, 
because, later, it will be possible to draw 
very interesting conclusions regarding 
the behavior of other substances with high hydroxyl content. 

At present three ice modifications are known, a hexagonal type which 
is formed under normal conditions and two rhombic types which are formed 
at low temperature or at increased pressure; all have been investigated 
quite thoroughly with x-rays. The elementary cell of normal ice (ice I) 
contains 12 molecules of H 2 O; each of them is surrounded tetrahedrally 
by four others in such a way that the distance between the centers of gravity 
of the oxygen atoms is 2.74 A. Fig. 35 shows this arrangement, which 
can also be so represented that each selected H atom appears to be united 
by a primary homopolar valence to a given oxygen atom. But through 
the insertion of the molecule in the lattice, a second oxygen atom exists 
toward which the H atom is especially inclined. Each 0 atom is, there- 



Fig. 34. Effective range of the 
carbon dioxide molecule (H. A. 
Stuart). 


J. D. Bernal and R. Fowler, /. Chem. Phys.^ 1, 516 (1933). 
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fore, surrounded by 4 H atoms which lie at the corners of a somewhat 
distorted tetrahedron and every H atom is common to two such tetrahedra; 
we thus obtain the correct ratio H:0 = 2:1 and a spatial framework of 
the formula (H20)n. We shall see later that the different modifications 
of Si02 conform to the same structural principle. The structure of normal 
ice resembles most nearly that of tridymite (see Fig. 35). This configura- 
tion corresponds not to a most compact spherical packing but to a con- 
siderably more attenuated one. 

In the two rhombic phases we find similarly that a selected water mole- 
cule is surrounded by four others in tetrahedral association, so that there 



Fig. 35. Space-lattice of tridymite as pattern for the lattice of ice I. 

is some deformation as compared with the regular tetrahedron; in ice II 
the distance between centers of gravity of adjacent oxygens is about 2.71 A; 
the H atoms are difficult to locate, but we gain the impression that in 
these two lattices the molecular association would be largely dissolved and 
the structure would approach that of an ionic lattice. 

For liquid water, Bernal and Fowler^® assume that there exists a mixture 
possessing 3 configuration possibilities, whose quantitative ratio depends 
greatly upon temperature; further, that any one of the three persists over 
submicroscopic range and only for very short periods. In the neighbor- 

J. D. Bernal and R. Fowler, J. Chem, Phys,^ 1, 515 (1933). 
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hood of the melting point and up to +4® a tridymite type of configuration 
prevails (see Fig. 35) which arises from the ice and which will endure 
over a small range, even though above the melting point. At higher 
temperatures (4-200®) a quartz-like modification becomes more and more 
developed and at even higher temperature (200-340®) up to the region of 
the critical point there is a final configuration of closest spherical packing. 

Further details on the very interesting views regarding the structure of 
liquid water will be added later in the section on liquids. 

As an example of a molecular lattice in which cohesion is also effected 
predominantly by dipole forces, oxalic acid dihydrate may be discussed 
here, because it allows of a remarkable insight into the role of the water 
of crystallization. 

H. Hoffmann and H. Mark^^ determined some time ago the elementary 
cell and spatial group of this substance; more recently J. M. Robertson^^ 
has carried out an accurate investigation of the position of the atomic 
centers of gravity and obtained the results shown in Figs. 36a and b. 
The six heavy atoms of the oxalic acid residue— excepting the H atoms 
whose positions could not be determined by scatt(n4ng of x-rays — all lie 
in one plane. The distance C — C amounts to 1.43 A which is distinctly 
smaller than usual (1.54) and even approaches the distance of 1.45 A, 
which is characteristic for the aromatic C — C-bond. The reason for this 
fact probably lies in the spatial proximity of the two C=0 linkages. 

Fig. 36b shows the distances between the center of gravity of a water 
molecule and the three nearest oxygen atoms of oxalic acid residues; one 
sees that they lie between 2.52 and 2.87 A. It appears, therefore, that 
the hydrogen atoms of the acid residue and those of the water in the 
lattice play the same role and are arranged between the oxygen atoms of 
the water and the oxalic acid residue. In this sense, the crystal is best 
regarded as oxonium oxalate with the formula 

(H30)+ - (OOC - COO) - (H80)+; 

each oxonium radical is then united with 3 oxalic residues by a hydro- 
gen bond. 

It must again be assumed here that the dipole forces first produce the 
configuration shown in Fig. 32 and that it is only stabilized subsequently 
by quantum mechanical exchange forces when the individual O and H 
atoms move into the places determined for them by these forces. 

Considerable information regarding the details of the van der Waals 
link may be derived from the lattice of hexamethylene tetramine which 

H. Hoffmann and H. Mark, Z. physik. Chem,, 111, 321 (1924). 

” J. M. Robertson and J. Woodward, /. Chem. Soc. London^ 1936, 1817. 
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I 



Fig. 36a. Nuclear framework of the oxalic acid molecule 
with H atoms omitted. 



Fig. 36b. Arrangement of oxalic acid molecules in the lattice (hydrogen atoms 

omitted). 


crystallizes with very high symmetry (see Fig. 37a). The cubic, body- 
centered elementary 'cell of this substance and the atomic center of gravity 
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positions were demonstrated independently a long time ago by Gonell 
and Mark^® and by Dickinson and Raymond;®^ the findings of both were 



Fig. 37a. Space lattice of hexamethylene tetramine. 



Fig. 37b. Electronic density in the hexamethylenetetramine lattice. 

in complete agreement. Recently H. G. Grimm in common with Brill, 
Hermann and Peters*® investigated the exact distribution of the negative 


** H. W. Gonell and H. Mark, Z, physik, Chem.j 107, 181 (1923). 

R. G. Dickinson and A. L. Raymond, J. Am. Chem. Soc.f 45, 22 (1923). 
H. G« Grimm and co-workers, l.c. on page 89, 
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charge clouds in this lattice and found that, actually, certain regions be- 
tween the closed molecules of composition (CH2)6N4 are practically free of 
charge bojt that at other places charge bridges which, though weak, are 
detectable experimentally, connect one molecule with another. 

The results of this research are shown in Fig. 37 b ; the charge distribution 
between the separate molecules is very interesting. ‘At the position C, 
i.e. between the two upper molecules of the figure, there is a large region 
in which the charge has declined practically to zero — the lattice displays a 
fairly definite and extensive gap. Also at B, a very deep valley appears 
between the charge peak caused by the molecules; the electronic density 
in the trough amounts only to 0.1 electron per A^. At A, on the contrary, 
two charge bridges lead from the upper left to the middle molecule, which 
always show even at their minimum position the considerable density of 
0.9 electron per They are responsible for the homopolar bond be- 
tween the molecules. The impression is gained, therefore, that the dis- 
persion forces acting between the H atoms are the main cause of the 
lattice cohesion. 

c) Molecular Lattices of Long Chain Substances 

It seems particularly important to mention here the lattices of long 
chain aliphatic compounds in which, on the one hand, strong polar groups 
are present, as in the fatty acids and alcohols, and on the other, larger 
non-polar molecular components which give rise to dispersion forces. By 
reason of their filament-like form, these substances lead us gradually to 
the lattices of long chain high polymeric substances in which different 
forces provide for cohesion in different directions. 

The paraffins, aliphatic fatty acids and alcohols have been investigated 
most thoroughly, particularly by A. Muller and his co-workers,^® also by 
J. J. Trillat®^ and by Brill and Meyer.®* In the examination of the paraffins 
of the formula C11H24 to C30H62, the interesting fact emerged that, with 
increasing temperature, the length of the chain itself remained practically 
unchanged, a fact connected with the strength of the primary valence 
bond, wheteas the lattice dimensions, on the other hand, exhibited a very 
considerable thermal expansion. We have here the influence of thermal 
vibrations opposed to van der Waals forces. 

It may be observed here, with respect to the conditions in cellulose and 
its derivatives to be discussed later, that all long chain aliphatic substances 
tend to a large extent to polymorphism; thus two different modifications 

Cf. A. Muller^ Proc. Roy. Soc. London, 114, 542 (1927); 120, 437 (1928). 

J. J. Trillat, C. R., 180, 1329 (1925). 

38 R. Brill and K. H. Meyer, Z. KrisL, 67, 570 (1928). 
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have already been observed for the paraflSns and three for the fatty acids. 
The modification of the paraffins which is stable at higher temperature 
shows greater symmetry of the individual chain then corresponds to its 
elliptical cross-section; this can be understood only by assuming that the 
long chains in these lattices rotate about their long axes and, as a result, 
no longer exhibit elliptical symmetry perpendicular to the long axis but, 
rather, axial symmetry. Actually, the chains in the low temperature 
modification resume an elliptical cross-section and the free rotation turns 
into a normal vibration of the chain about an equilibrium position. 



Fig. 38a. Individual Laurie Fig. 38b. Diagrammatic representation of the 

acid chain in the lattice, arrangement of the fatty acid chains in the 

after Brill and Meyer. crystal lattice. 


Fig. 38 shows diagrammatically the arrangement in the lattice of the 
fatty acids ; the two carboxyl groups of two molecules assume the relative 
positions already discussed and cause, so to speak, the formation of double 
molecules in the lattice. Along these planes, cohesion is particularly 
strong, whereas only very weak forces are acting along the other surfaces 
occupied by the terminal methyl groups; these are the planes which cause 
the weakness of the whole structure and the marked laminar behavior. 
It is convenient now to apply the concepts regarding packing of atoms and 

39 C. S. Fuller and C. J. Frosch, J. Am. Chem. Soc., 61 , 2575 (1939). 
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molecules in order to formulate rules regarding the volumes they assume 
in the solid or liquid state. It is obviously clear that a constitutive influ- 
ence, namely the degree of springiness of the molecule, must also play a 
part in this. This has probably been the reason that numerous attempts 
made years ago to arrive at simple additive relationships were not always 
successful. Work of Kopp,^° Lossen,'*^ Gervaise-Le Bas,^^ Pope and 
Barlow^^ and others may be cited. 

We should expect to find simple relations only in homologous and 
polymeric homologous series and actually can find them there, as shown 
by the case of the paraffin series. In the crystalline state all paraffin 
chains have about the same cross section of 18.5 their length is made 
up of increments, as is evident from Fig. 39. 



Fig. 39. Length and cross dinnensions of a paraffin chain. 


The volume of a single paraffin molecule of n C atoms is accordingly 
18-5[(n - 1) X 1-27 -f 3*1] = 18-5 (l-27n -f 1-83) 

Tables 63 and 64 record the densities and volumes calculated from those 
densities of a few simple paraffin molecules. Column 4 gives the volumes 
calculated by the above formula from x-ray data for the crystalline state. 
Column 5 contains the quotient, which indicates how many times the 
molecular volume found for the liquid state is greater than that calculated 
for the crystalline state. The lower hydrocarbons are compared at 0° in 
Table 63 and the higher at 99° in Table 64. 

The quotient of Columns 4 and 5 thus remains constant, so that com- 

H. Kopp, Ann., 128 , 193 (1863). 

41 F. Lessen, Ann., 214 , 81 (1882); 284 , 42 (1889). 

42 M. Gervaise-Le Bas, Phil. Mag. (6), 14 , 324 (1907) ; 16 , 60 (1908). 

43 W. J. Pope and W. Barlow, Proc, Chem. Soc. London, 22 , 264 (1906). 
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parison at the same temperature is legitimate. Inasmuch as the indi- 
vidual CH2 groups, which behave essentially as independent centers of 

TABLE 63 


Calculation of Densities from True Molecular Volumes 



Density 

atO* 

Mol. Wt. 

Volume of a 
Molecule from 
the Density 
(in A*) 

Volume of a 
Molecule calcd. 

from: 18.6 
(1.27n + 1.83) 

A» 

Quotient 

of 

Volumes 

Butane 

0.60 

58 

159 

128 

1.24 

Pentane 

0.646 

72 

183 

151 

1.22 

Hexane 

0.677 

86 

208 

175 

1.19 

Heptane 

0.700 

100 

234 

198 

1.18 

Octane 

0.718 

114 

261 

222 

1.17 

Nonane 

0.733 

128 

286 

245 

1.17 

Decane 

0.745 

142 

313 

269 

1.16 

Undecane 

0.755 

156 

339 

292 

1.16 

Dodecane 

0.765 

170 

368 

316 

1.16 

Tridecane 

0.771 

184 

391 

339 

1.15 

Tetradecane 

0.774 

198 

420 

363 

1.16 



TABLE 64 


Calculation of Densities from True Molecular Volumes 



Density 
at 99* 

Mol. Wt. 

Volume of a 
Molecule from 
the Density 
(in A*) 

Volume of a 
Molecule calcd. 

from: 18.6 
(1.27n + 1.83) 

A» 

Quotient 

of 

Volumes 

Nonane 

0.6541 

128 

320 

245 

1.31 

Decane 

0.6690 

142 

345 

269 

1.30 

Undecane 

0.6816 

156 

374 

292 

1.28 

Dodecane 

0.6930 

170 

402 

316 

1.27 

Tridecane 

0.7008 

184 

429 

339 

1.27 

Tetradecane 

0.7078 

198 

459 

363 

1.27 

Pentadecane 

0.7136 

212 

487 

386 

1.31 

Hexadecane 

0.7197 

226 

522 

410 

1.27 

Heptadecane 

0.7245 

240 

543 

434 

1.25 

Octadecane 

0.7288 

254 

572 

457 

1.25 

Nonadecane 

0.7323 

268 

598 

481 

1.25 

Eicosane 

0.7363 

282 

628 

500 

1.25 

Heneicosane 

0.7400 

292 

654 

528 

1.24 

Docosane 

0.7422 

310 

688 

551 

1.24 

Tricosane 

0.7456 

324 

714 

574 

1.24 

Tetracosane 

0.7481 

338 

742 

598 

1.24 


attraction, exert approximately equal forces from group to group at any 
one temperature, equal distances between the molecules are to be expected. 
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Otherwise, only very general viewpoints can be advanced, such as the 
relation emphasized by Gervaise-Le Bas that ring closure leads to a de- 
crease in volume; further, that the above mentioned springiness actually 
can be observed experimentally: asymmetric and irregularly shaped 
molecules have a greater volume than regular ones, as shown by the 
following comparison: 

Cyclohexane die.s® ” 0-7788; Vol. of a molecule 175 A* 

Methylcyclopentane di 9 . 6 ® =* 0*7488; Vol. of a molecule 184 A* 

In liquids, molecular volume multiplied by a low power of surface 
tension has been shown to be an additive quantity and has been termed 
the parachor by Sudgen.^^ Its additivity holds over a considerably greater 
territory than the density relations just cited, which are true only within 
homologous series. The zero volumes investigated by Biltz should yield 
further information. 

In many cases crystal form and crystal habit may be represented 
very clearly by space models. Although we may not be able to make such 
exact assertions regarding crystal structure in a given molecule as in ionic 
lattices, a number of qualitative relationships can be adduced. Groth, 
in his chemical crystallography, formulated a relation between molecular 
structure and crystal structure for molecular lattices and Duden and 
Scharff^^ many years ago inferred from the cubic crystal structure of 
hexamethylene tetramine a high symmetry of the molecule which was 
later confirmed by x-ray analysis. 

It has been mentioned previously that the single groups of a long hydro- 
carbon chain act outwardly as independent centers of attraction; for each 
group in the compaction of molecules from gaseous to liquid or solid state, 
a definite amount of energy will be freed. In a paraffin chain, for example, 
molar cohesion is distributed between the individual links as follows: 


Molar cohesion in calories per member 


CH, CHa. 
, 1*8 1 


CHa CHs 
1 1*8 


Energy quotas of this order of magnitude are obtained if the chains 
are entirely surrounded by others, i.e. if they possess 8 neighbors. If only 
two chains exist parallel to one another, we can count on only about one 
quarter of the total molar cohesion. 


[2 X 1*8 + l(n- 2)1 
4 


( 36 ) 


S. Sugden, /. Chem. Soc. London, 125 , 1167, 1177 (1924). 
P. Duden and M. Scharff, Ann,, 288 , 218 (1895). 
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The amount of energy liberated is much less if two chains are arranged 
^^head to head/^ with only the terminal groups together. It amounts 
then only to 

1.8 Calories per mol. 

The parallel orientation of the chains is, therefore, the type of assemblage 
in which the decrease of total energy is a maximum; accordingly it will 
correspond to equilibrium at lower temperature, and will also favor the 
formation of clusters or groups in the liquid state. 

Actually, Stewart and Morrow have observed interferences in liquid 
fatty acids and paraffins (see later, p. 191), which point to the existence 
of bundles. The fundamental researches of Adam^® and Langmuir^^ 
showed some time ago that film formation of fatty acids on water surfaces 
is due to the fact that the carboxyl groups cleave to the surface of the water 
while the lipoid hydrocarbon chains, in consequence of their strong molecu- 
lar cohesion, form a relatively stable surface film which, itself, has a very 
low surface tension on account of the small secondary valence effect of 
the end methyl groups. If we calculate the surface tension of such a film 
in absolute energy units from molecular cohesion, we obtain values between 
10 and 50 dynes/cm, which agree satisfactorily in order of magnitude 
with values determined experimentally. 

Later, J. J. Trillat^^ demonstrated, by detailed experiments on the 
orientation of chain molecules on metal surfaces, and in phase boundaries, 
that the parallel arrangement of chain molecules can be detected similarly 
in the liquid or adsorbed state and that it plays a determining role for the 
physicochemical and technical properties of such films. 

That long molecules of complicated structure are able, even in the 
liquid phase, to form oriented clusters or groups over large expanses is 
shown particularly well by the existence of the mesophases in which 
the presence of oriented particle groups can be detected both by optical 
and x-ray methods. These substances constitute a transition from true 
liquids to true crystals, such that any given molecule is neither freely motile 
as in the former nor entirely fixed as in the latter: rather it still possesses, 
according to the particular type of mesophase concerned (smektic or 
nematic state), certain degrees of freedom of rotation or deformation 
which make it to some extent independent of neighboring molecules. Later 
on, conditions in the mesophases will be discussed in rather more detail 

K. Adam, Chem. Rev., 3, 163 (1927). 

I. Langmuir, J. Am. Chem. Soc., 39, 1848 (1917). 

J. J. Trillat, Journ. Phys. ei Rad., 10, 32 (1929). 
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and it may suffice here to cite the comprehensive works of Vorlander,^® 
Friedel,®° Oseen®^ and Zocher.®^ 

If now, the long chain molecules are oriented parallel to a crystal lattice, 
the two groupings shown in Fig. 40 are possible. Simple hydrocarbons of 
regular shape are known to prefer arrangement 1 and consequently form 
laminae preferably. The paraffins, naphthalene and anthracene are 
especially good representatives of this type. If type 2 is assumed, the 
conditions are less clear; the products crystallize, as a rule, in needles 
(diphenyl, dibenzyl, etc.). 

If, in addition to hydrocarbon residues, other polar groups of higher 
molecular cohesion are present in the molecule, they generally exert a 
special influence on the molecular arrangement in the crystal structure. 
The hydroxyl groups (molar cohe- 
sion 7.2 Cals.), the keto groups and, 
particularly, the carboxyl groups 
(molar cohesion 8.97 Cals.) are ex- 
amples. If there is only one such 
group in the molecule, double mole- 
cules frequently result which arc 
often characterized by a center of 
symmetry; if, however, several 
groups are present, a chain-like 
molecular arrangement appears (see 
p. 99) which gives rise to particu- 
larly large cohesive forces in one Fig. 40. Chain molecules in different 
direction in the crystal, resulting arrangement in the crystal lattice, 
frequently in needle structure. 

The first case is typical for the monobasic fatty acids. In the lattice of 
these substances, each of two fatty acid molecules are arranged with their 
carboxyl groups reversed and these double molecules behave just like a 
paraffin of double the length of the single fatty acid. They crystallize like 
the paraffins in laminae and exhibit also the above mentioned marked 
tendency to cleavage which is caused by the low cohesion of those planes 
in which the acids impinge on one another at their end groups. The sec- 
ond, less evident, case is found, for example, in anthraquinone and hydro- 

D. Vorlander, Kristallographie der Fliissigkeiten, Leipzig 1924. 

E. Friedel, cf. e.g., Z, Krist., 79, 1 (1931). 

C. W, Oseen, Die anisotropen Flmsigkeiten. Tatsachen und Theorien. Berlin 
1929, p. 8. 

62 H. Zocher, Physik, Z., 28, 790 (1927). 
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quinone and similar substances containing oxygen and having a marked 
tendency to needle structure. 

d) Molecular Lattices and Symmetry of the Unit Cells 

Asymmetrical molecules occur very frequently in organic chemistry. 
We would, at first, be inclined to expect, therefore, that the triclinic crystal 
system would be frequently met with, but actually nearly all asymmetrical 
molecules crystallize in the monoclinic system; their lattices possess 
diagonal screw axes or slip-surface planes of symmetry. 

According to Reis and Weissenberg,®^ the reason is as follows : Translation 
is characteristic for the triclinic system, but a parallel arrangement of the 
molecules can only be expected if the directions of the strongest forces of 
attraction in the molecule are exactly opposite in direction to each other. 
In most cases, however, they are inclined at some angle and the second, 
adjacent molecule deviates from the parallel position. If now, we assign 
to a third molecule the same position with regard to the second as the 
second bears to the first, a symmetrical saturation results. The first and 
third molecules are parallel to each other and the arrangement may be 
continued indefinitely; it corresponds to a two-fold screw axis or a slip- 
surface plane of symmetry, which may be anticipated very frequently for 
symmetrical molecules and may lead to the formation of needle forms. 

The above consideration holds only for the aggregation of molecules 
from the gaseous state. In solution, solvation or desolvation of the 
molecules comprising the crystal enters in. In compounds which contain 
both lipophile and hydrophile groups, it is well known that the former are 
solvated in solvents according to the nature of the hydrocarbon and the 
latter in water or in other media havmg strong dipole moments (sec p. 29). 
Naturally, the unsolvated (free) groups are the ones that directly deter- 
mine the association of the molecules, because their association forces are 
hereby completely fully saturated. On the other hand, in associations of 
solvated groups, only the molecular cohesion is diminished and the heat 
of solvation set free. 

An explanation can be found in this way for the phenomenon well 
known in organic chemistry that both rate of crystallization and crystalliz- 
ing power may greatly differ from solvent to solvent. It may be cited as an 
example that the higher dibasic acids crystallize from water in laminae 
but from hydrocarbons in quite long, thin needles, because in water the 
lipoid chains, as in the paraffins, promote the production of laminae, 
whereas in benzene the differing solvation relationships cause the produc- 

** A. Reis and K. Weissenberg, Z. Physik^ 34, 406, 420, 433 (1925). 
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tion of needles. Conversely, azobenzene, which crystallizes in laminae 
from most solvents, may be obtained in needle form from dilute sulphuric 
acid. If the oxygen-bearing groups: carbonyl, carboxyl, etc., serve as the 
primary foci of crystallization, it will be convenient to crystallize from 
media in which these groups are not solvated. This may be related to the 
fact that many oxygen-bearing compounds come out particularly well 
from hydrocarbons and that even small amounts of moisture may hinder 
crystallization. 

Accurate theories of molecular structure and of the size of the atoms 
in the molecule may be applied to the problem of isomorphic replaceability 
in the crystal association, which has been largely developed in the field of 
inorganic crystals by Goldschmidt®^ and Grimm®® in recent years by the 
introduction of ionic radii. The material accumulated by Giuseppe Bruni®® 
in careful researches may easily be co-ordinated and understood in the 
light of concepts of molecular and crystal structure. The formation of 
mixed crystals of phenanthrene and anthracene or naphthalene or dihydro- 
naphthalene may be explained by the similar form and size of the molecules 
concerned and by the similarity of their association forces. The same is 
true for the series stilbene, tolane and azobenzene. Very characteristic is 
the formation of mixed crystals observed by Villiger®^ in 5-nitro-2,4- 
dichlorobenzoic acid and 5-nitro-4-oxy-2-chlorobenzoic acid. For iso- 
morphic replaceability there is the obvious proviso that the different atoms 
or atomic groups of the compounds crystallizing together occupy about 
the same space and that, in their interchange, the association forces of the 
whole molecule are not essentially influenced. This is generally the case if 
methyl (molar cohesion = 1.8) is replaced by the same sized hydroxyl 
(molar cohesion = 7.2) or if hydroxyl is replaced by halogen. Since, 
however, in the special case investigated by Villiger, the molecule contains 
a whole series of other groups of stronger molecular cohesion (carboxyl 
and nitro-groups), the change of a hydroxyl to a halogen group cannot 
essentially influence the polarity and the force relationships of the whole 
molecule. 


5. Lattices with Different Forces in Different Directions 

We have hitherto described essentially lattices whose cohesion is effected 
by the same force in all three directions in space and have pointed out 

V. M. Goldschmidt, Naturwiss., 14, 477 (1926). 

H. G. Grimm, Handhuch der Physik, 2nd cd. Vol. 24, part 2. 

G. Bruni, Vber feste Ldsungen, Stuttgart 1902. 

V. Villiger, Ber., 61, 2596 (1928). 
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only occasional transition cases; we will now consider those substances 
in which different kinds of forces prevail in different directions of the 
lattice structure. 

At the outset we may examine Fig. 40a, which, according to H. G. 
Grimm^® represents the conditions very clearly. At the corners of a 
tetrahedron are the four extreme types of linkage described in the fore- 
going sections; the transition lattices lie on the edges of the tetrahedron. 
A glance at the figure reveals the interesting fact that the homopolar 
primary valence bond (a) must participate in all transition lattices; the 
three edges which lead from 3i to 3z, from 3i to 3m and from 3m to 3z, 
are void (if we ignore the hydrates and ammoniates of ionic lattices). In 



Fig. 40a. Systematic survey of crystal lattices in which different kinds of forces 
prevail in different directions of the lattice structure. 

contrast, we find a number of very interesting compounds on the other 
three edges. 

Consider first the tetrahedron edge from 3i to 3a. We have here 
substances in which the atomic (diamond type) and the heteropolar ionic 
linkage participate simultaneously in the lattice structure. 

a) Lattices with Atomic and Ionic Linkage 

Proceeding from the left side, we have in NaCl, CaO, CaF 2 etc., first, 
true ionic lattices. But in all compounds which contain radicals or com- 
plex ions, conditions are otherwise. Thus, for example, in (NH4)C1, it is 
true that the crystal lattice is certainly built up in the different directions 
by true ionic forces, but one of the two ions, namely, (NH 4 )'** owes its cohe- 

** H. G. Grimm, Handhuch der Physik. 2nd ed. Vol. 24, part 2. 
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sion to homopolar atomic valence. Since, naturally, the lattice forces are 
themselves co-determined by the size and polarizability of this ion, the 
atomic type of linkage participates in this and in similar cases, such as 
CaCOs, BaS04, NaCN etc., not directly, but indirectly, in the structure of 
the lattice as a whole. This is expressed in the diagram by inserting 
under the symbol (3i) for the ionic linkage m three directions, the symbol 
3a in parentheses for the atomic linkage in three directions. 

If we proceed further in the direction towards the atomic linkage 
corner of the tetrahedron, we come to lattices which cohere in two direc- 
tions by ionic forces but in one by atomic forces; they belong to a definite 
group of silicates whose structure will be discussed later in another connec- 
tion (see p. 169). Particularly well known representatives are enstatite 
MgSiOa, diopside CaMg (8^3)2 and asbestos. The latter at once suggest 
by their very marked fibrous habit that in one direction a particularly 
strong link prevails, namely, the atomic; it is produced in the lattice by 
O-Si-0 chains, while in the other two directions weaker ionic forces prevail. 

The next step leads to substances with one ionic and two atomic link- 
ages; again silicates provide particularly suitable examples in the large 
groups of micas and chlorites. Their essentially laminar structures show 
very definitely that strong atomic forces are effective in two directions 
whereas, in the third, cohesion is produced by weaker ionic linkages. 

Finally, we arrive at a class of compounds in which the lattice as such 
is welded together in all three directions by atomic forces, while ionic 
linkage is present in the individual lattice cells. Examples of such sub- 
stances which, following Grimm, will be denoted by the symbol 3a (3i) 
are CaTiOs, KMgFa and most of the feldspars. Reis has applied the term 
honeycomb lattice to such lattices, which also exhibit very interesting 
tensile properties. 

After them we come along the tetrahedron edge 3i— 3a to the true 
atomic lattices which have their typical representative in the diamond and 
about which everything necessary has been said previously. 

If we pass now along the edge 3a — 3m, we come to the 

b) Lattices with Atomic and Metallic Linkages 

Substances in which lattice structure is provided for in all three direc- 
tions by homopolar primary valences, while the cohesion of the lattice 
cells is due to the metallic bond, may be present in many intermetallic 
compounds although nothing definite can be said here regarding the exact 
type of linkage involved. 

On the other hand we have in graphite and probably also in Se, Sb 
and Bi, elements in which homopolar chemical valences are predominant 
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in two directions while in the third spatial direction the metallic bond 
comes into operation. This view is confirmed both by the strongly 
anisotropic mechanical behavior of the substances and especially by the 
high degree to which their electrical conductivity depends on direction. 

There is much to be said also, according to Bernal, for assuming the 
existence in Se and Te of metallic linkages in two directions and to make 
atomic forces responsible for the cohesion in the third direction. A large 
series of other semi-conductors, some of which have very interesting and 
important technical properties, cannot yet be included in the above scheme 
with certainty, but lie definitely in some manner along the tetrahedral 
edge 3a — ^3m. 

The last outstanding tetrahedral edge leads us to 

c) Lattices with Homopolar Valence Linkage 
and van der Waals Linkage 

These include, notably, the layer lattices which cohere in two directions 
by primary valences and in the third by secondary valences; examples, 
which we shall later discuss in greater detail, are Cdl 2 , M 0 S 2 , Asia, talc, 
graphitic acid and siloxene. The anisotropy of the linkage type is very 
markedly expressed in them by the laminar habit and by the mechanical 
properties. To this type belong also reticulate filamentous lattices such as 
exist in vulcanized rubber and in numerous synthetic high polymers. 

We come next to a type which is of very special importance to natural 
and synthetic organic high polymers: to the filament lattices which cohere 
in one direction by primary valences and in the other two by van der Waals 
forces. The chief representatives of this class, which will be discussed 
in great detail in the second volume of this work, are cellulose, chitin, 
rubber, proteins and a large number of synthetic high polymers such as 
polystyrene, polyvinyl acetate, polyacrylic esters, polyethylene oxide, etc. 

The next step leads us to those compounds, discussed above, in which 
the lattice itself is formed in all three directions by secondary valence 
forces, but in which the lattice units are kept together by primary valences. 
We have here the large number of molecular lattices consisting of compact 
units, such as CI2, CH4, CeHe and we arrive finally at the inert gases in 
whose lattice-like structure only secondary valence forces participate. 

We may now regard the classification of crystal lattices on the basis 
of cohesive forces as closed and turn to the other classification which 
depends mainly on considerations of symmetry. It will appear in the 
course of the description how these two systems finally overlap and how, 
particularly in those lattices which have been discussed last, they supple- 
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ment each other in their evidence regarding the structure of these sub- 
stances. 

II. CLASSIFICATION OF CRYSTALS FROM THE ASPECT OF 

SYMMETRY 

1. General Remarks on the Symmetry of Crystal Lattices 

It has been shown in the previous chapter that the study of organic 
and inorganic crystal structures has led to important general relationships 
between the forces of cohesion in atoms, ions or molecules in the lattice 
and the distances separating them. Almost simultaneously with this 
research, which was prosecuted largely by Bragg and Goldschmidt, another 
more geometrical method of treating the connection between crystal 
structure and chemical constitution was developed by A. Reis®* and 
elaborated particularly by P. Niggli®* and K. Weissenberg®^ into a general 
classification. In a rational crystallo-chemical treatment of high molecular 
substances, we must, of course, rely on both methods of consideration, 
which at first sight are somewhat contradictory. It is clear that, only by 
applying all available knowledge, the elucidation of these complicated 
structures can be attained. It is, therefore, necessary to outline briefly 
the general principles of symmetry concepts and to supplement the distance 
rules already mentioned by discussing the Weissenberg theory of crystal 
structure in greater detail. 

The particular aim of an x-ray structure determination, which can 
be nearly always attained with macroscopic crystals and very often also 
with fiber diagrams and highly oriented preparations, is the measurement 
of the unit cell. By this we understand the smallest body from which 
the entire crystal can be built up merely by parallel displacement along 
three directions. The unit cell is determined by finding the periods of 
identity along the crystallographic axes. These are the distances which 
must be traversed along each of the preferred directions in the crystal 
in order to arrive at a lattice point identical with the initial one. If, 
in addition to these fundamental periods of the lattice, we also know 
the angles between the crystallographic axes, we can determine the volume 
V of the unit cell according to stereometric formulas. 

If we multiply the unit volume by the density, we obtain the absolute 
weight of the unit cell in grams and, by dividing this by the weight of a 
hydrogen atom (m = 1.65 X g), the relative weight of the unit cell 

A. Reis, Z. Eleklrochem,, 26, 412, 629 (1920). 

P. Niggli, Geometrische Kristallographie dea Diakontinuuma, Leipzig 1919. 

fii K. Weissenberg, Z. Kriat., 62, 13, 52 (1925). 
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is found. If, particularly in molecular lattices, we know something regard- 
ing the molecular weight of the substance investigated from observations 
in vapor or solution, we can ascertain the number of atoms or molecules 
present in the unit cell by dividing the weight of the cell by the molecular 
weight. Table 65 contains data calculated for a number of typical com- 
pounds; in the case of hexamethylene tetramine, for example, two molecules 
of composition C 6 H 12 N 4 are present in the unit cell. It is known from 
reported structure determinations that each of these molecules is in itself 
very closely packed while their centers are separated by a distance of 
several A. 


TABLE 65 

Unit Cells of a Few Molecular Lattices 


Substance 

Density 

Volume of the 
unit cell in A* 

Number of 
molecules in 
the unit cell 

CO 2 

T.63 

176 

4 

Benzene 

1.09 

471 

4 

Oxalic acid 

1.90 

302 

4 

C0(NH2)2 

1.33 

147 

2 

Pentaerythrite 

1.39 

329 

2 

Metaldehyde. ... 

1.27 

442 

8 

Isatin 

1.51 

645 

4 

Hexamcthy lentctrami ne 

1.34 

341 

2 

Stearic acid. . . . 

0.94 

1837 

4 

Anthraquinone 

1.43 

1931 

8 

Triphenyl methane 

1.06 

3050 

8 

Phthalocyanine . . 

1.44 

1200 

2 

Vitamin B 

1.43 

1648 

4 

Follicular hormone. . 

1.22 

1479 

4 


Since the unit cell combines in itself all the properties of the macroscopic 
crystal, it possesses its symmetry also. The spatial arrangement of the 
separate atoms in the unit cell is, therefore, not at random but is governed 
by the symmetry elements specific to the crystal. Crystallographic theory 
permits accurate counting and description of all combinations of symmetry 
elements which are geometrically possible and shows that in three dimen- 
sional space there are only 230 such possibilities. Each of them is defined 
by a specific group of symmetry elements and by data on their mutual 
positions. Such a group is accordingly termed a space group. 

The above definition of a unit cell suggests a comparison with the 
conditions in the gaseous state, research on which has given rise to the term 
molecule. In a perfect gas, by progressive division, we arrive ultimately 
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at structures which cannot be further subdivided without loss of the chemi- 
cal properties of the macroscopic phase constituted by them. We call 
these particles molecules and can seek in a single one of them all the 
chemical properties of the substance, because the assembly of many mole- 
cules to form the gaseous phase introduces no new factor, inasmuch as the 
individual particles exert no forces on one another in this state. In the 
same way, by progressive subdivision of a crystal, we may arrive at a unit 
cell which is the ultimate structure, embracing all the properties of the 
crystal; occasionally this has also been termed the crystal molecule. If, 
however, we compare the unit cell with the kinetic molecule, we often find 
that it is a multiple of the latter. We can, therefore, state: in organic 
molecular lattices, the smallest region which embraces all the chemical 
properties is usually smaller than that which in itself includes all the prop- 
erties of the crystalline state. 

This is easy to understand. The chemical properties are given by the 
structure of the kinetic molecule in the isolated state, while the sum of all 
the physical properties of the solid substance (hardness, refractive index, 
conductivity, etc.) are determined mainly by mutual interactions among 
the molecules; accordingly these properties can seldom be expressed by a 
single molecule but require for the purpose a group of molecules in asso- 
ciation. 

If the unit cell is known, the next step in structure elucidation is to 
search for all the symmetry elements present, i.e. we determine the space- 
group. By its symmetry, the geometrical conditions within the unit cell 
are defined. A full description of these conditions would far exceed the 
scope of this treatise and we can only cite the comprehensive literature on 
the subject, particularly Niggli^s book and Weissenberg^s original papers. 

In order to understand the idea of the geometric systematization, the 
general character of the symmetry elements will be explained by a simple 
example. Fig. 41 represents a crystal which possesses the property of self- 
coincidence on rotation through 180° about the axis A A'. This is termed 
the symmetry property of a two-fold (digonal) axis of rotation: it is 
determined by the fact that in this crystal lattice all points are translated 
into one another on rotation through 180° about the axis AA', as shown 
diagrammatically in Fig. 42. 1 changes into 2, 1' into 2', etc. 

In addition to the two-fold, there are three, four, and six-fold axes 
of rotation which, in turn, possess the property of allowing a given point 
to appear in three, four and six positions in the unit cell. 

If, now, we imagine, as shown in Fig. 43 the two points Pi and P 2 
which, on account of the four-fold axis A are a crystallographic group 
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(equivalent point positions) bound together by any forces, possibly by a 
chemical primary valence, then the four-fold axis is an expression of the 
fact that all four points arc joined together by equivalent forces. Parallel 
displacement applied to individual cells, results in the formation in the 
crystal of closed groups, each of four appropriate points. There are, there- 
fore, symmetry elements which, in conjunction with the specific translation 
periods pertaining to each crystal, permit the formation of closed point 
groups in the lattice (rotation axes, symmetry plane, center of symmetry). 
Such point groups have been termed micro-units or islands by Weissen- 



Fig. 41. Crystal with two- Fig. 42. Point arrangement in 

fold axis of rotation. a two-fold axis of rotation. 

berg and his method of systematization consists first in counting up all 
the micro-units possible in the three dimensional lattice. 

Besides the above named rotation axes, there are still further axial 
symmetry elements, the so-called screw axes. Fig. 44 represents the point 
arrangement corresponding to a digonal screw axis; it is evident that the 
crystallographically equivalent points 1 and 2 are no longer capable of 
translation into one another merely by rotation through 180®, but only 
by a parallel displacement of the rotated points by the half identity period 
J parallel to the axis of rotation. 

The coincidence movement thus consists of 
rotation + translation. 
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Since the translation is conveyed through the entire crystal, an infinite 
number of equivalent points is produced by the screw axis from a given 
point 1. If now we assume a given force to be acting between the two 
points 1 and 2, the presence of the screw axis denotes that the same force 
effect extends throughout the crystal parallel to the direction of this axis 
(screw axes, slip-surface planes). 

While a rotation axis leads to an ultimate collection of point groups, 
the screw axis provides, by the same type of combination, a chain of points 
traversing the entire crystal, which Weissenbcrg has named an island 
chain. If two screw axes are present, we obtain island lu^tworks and in the 



Fig. 43. Point arrangement Fig. 44. Point arrangement 

of a four-fold axis. of a digonal screw axis. 

presence of three digonal screw axes perpendicular to one another we 
obtain island lattices. 

For the present purpose we can, therefore, divide the symmetry elements 
into two groups: 

1. Those which build up an ultimate point group (molecule) from one 
or more given points (atoms) (rotation axes, symmetry planes, center 
of symmetry) (Class I) and 

2. Those (Class II) which translate the given point into an infinite 
number of other equivalent ones. This class gives rise either to chains 
or networks which traverse the whole lattice, or there results the whole 
three-dimensional crystal (screw axes, slip-surface planes, transla- 
tion). 
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In a lattice whose space-group is known, the Weissenberg method 
allows us to determine all the possible micro-units and to indicate their 
symmetry. Their count indicates the extent of closed, finite atomic groups 
possible in the crystal lattice investigated and affords for the solid state a 
certain analogy with a molecular weight determination in the gaseous 
substance. 

It is immediately evident that the micro-units will generally be smaller 
than the unit cells, for they possess only a portion of their total symmetry, 
namely symmetry of the first kind. The physical purport of the Weissen- 
berg theory is that in all organic molecular lattices the largest possible 
micro-units are identical with the kinetic molecules of the substance, a 
concept which can be tested on all existing experimental material and 
confirmed, with the exception of certain cases in which association exists 
in the lattice (metaldehyde, acetaldehyde ammonia, etc.). 

Thus, for example, in the lattice of urea, the atomic group CO(NH2)2 
is the largest that can be comprised in a micro-unit; this is consistent with 
the expectation emphasized particularly by Willstatter®^ that in the 
molecular lattices of organic substances the molecules always persist as 
closed groups. Thus the clear idea of closed atomic groups in molecular 
lattices derived from distance measurements, is supplemented and con- 
firmed by a geometrical systematization of all possible micro-units. 

The relation has proved true also in lattices of inorganic substances; 
the micro-units arc identical with the complex ions or with the molecules 
of the intermetallic compounds; c.g. ZnMg2, CO3, PtCh, SnFe. In the 
first case there is an intermetallic linkage and in the other cases there are 
hetcropolar ionic linkages. It is evident from this that the purely geomet- 
rical demarcation of the micro-units can tell us nothing about the physical 
nature of the forces between the individual parts; it will affirm only that 
the points capable of linkage form a closed group in the crystal, but nothing 
regarding the manner in which, and the force by which, they are held 
together. 

However, by considering the symmetry elements of the second kind, 
the Weissenberg method furnishes information on general structural 
principles for the building up of crystal lattices. For this coincidence 
operation enables a given point to be translated into a number of others; 
the field of force whose point arrangement corresponds to a digonal screw 
axis is, therefore, of such nature that it will not be saturated after the 
assembly of a certain finite atomic number; rather, if a new atom or group 
enters, there arises a force analogous to those existing previously which 

** R. Willstatter, Angew. Chem., 32, 331 (1919). 
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effects further growth of the chain. We can, therefore, briefly state the 
contrast between the field of force corresponding to a digonal axis of rota- 
tion and to a digonal screw axis respectively in this way: The former is 
saturated after the assembly of a definite number of atoms, the latter effects 
growth in a certain direction.®^ Nothing will be said here regarding the 
nature and magnitude of the forces. 

If we are to understand the structure of a crystal lattice fully and are 
interested both in the mutual position of the atoms and the magnitude and 
nature of the forces, we must take into account the interval rule and the 
other properties of the substance in addition to the above described 
geometrical considerations and try to merge them into a uniform design. 

Conditions are simplest and clearest in the ordinary molecular lattice, 
perhaps in the urea lattice. In this, the ultimate structure determination 
shows that the group CO(NH2)2 is closely packed but is relatively far 
removed from the next identical group; the Weissenberg Tables indicate 
that this group is the largest possible micro-unit; there is thus full con- 
cordance of the two available modes of consideration, the energy one and 
the geometric one; both recognize the molecule CO(NH2)2 as a particularly 
stable group and everything leads to the following conclusion: the urea 
molecule is held together in the crystal by primary valences while the 
lattice forces have the order of magnitude indicating molecular cohesion. 

The same is true for the majority of molecular lattices already discussed. 

We see that purely geometrical consideration of symmetry with particu- 
lar regard to the groups included, leads to the same results as consideration 
of the lattice forces on dynamic lines; there are lattices which consist 
of isolated units firmly closed in themselves, there are lattices which 
are built up of chains and networks, and there are, finally, crystals in which 
no internal closed groups can be conceived either geometrically or dy- 
namically; the whole crystal is held together by identical, generally very 
strong, forces and forms one gigantic molecule. To complete the dis- 
cussion on different kinds of lattices and conclude the chapter on the solid 
state, we shall discuss briefly the principal lattice types from the point of 
view of the intimate connection of certain groups. 

2. Primary Valence Lattices 

The whole crystal is held together in all directions by identical forces 
and demarcation of a definite closed region is impossible geometrically 
and dynamically. Such lattices are familiar among the metals, e.g. Na, 
Mg, Cu, W, etc. in which cohesion is provided for by metallic bonding 

63 See e.g. H. Mark, Ber., 69, 2991 (1926). 
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forces; we know them also as ionic lattices, such as NaCl, CaF2, CaO, etc., 
in which heteropolar primary valences determine the structure and we 
know that there are also primary valence lattices with homopolar atomic 
linkage: diamond, quartz, carborundum, zinc sulphide, and so on. 

It may be added that many synthetic high polymers, as well as natural 
high polymeric substances which have been processed, form a three- 
dimensional structure cohering by homopolar valences. In most cases, of 
course, the regularity of the arrangement is not high enough to result in 
sharp and intense crystal interferences, but there can be no doubt that the 
substances concerned are to be classed as more or less highly deformed 
primary valence lattices. 

First we shall take vulcanized hard rubber, in which the long primary 
valence chains of the natural product are reticulated by simple or multiple 
sulfur bridges into frameworks which intersect in all directions and give to 
the product its hardness, non-fusibility and insolubility. The so-called 
cychzed rubber is also included, because today it must be regarded as 
proved that, on heat treatment of natural rubber in the presence of 
condensing agents such as AICI3, BF3, etc., there result not only ring 
structures within the individual valence chains, but also the production of 
bridges between the chains. 

For the rest, nearly all poly-condensation products which have found 
technical application may be named. By elimination of water, polybasic 
acids and polyvalent alcohols, notably glycerine, give rise to the so-called 
glyptals, which in the initial stage of condensation exhibit predominantly 
chain character, but in later, stages of the reaction give every indication 
of far reaching spatial reticulation. The same holds for condensation 
products of urea and formaldehyde or phenol and formaldehyde. In all 
cases, where condensation is carried far enough, we obtain solid, hard, 
non-fusible and insoluble products of high resistance to impact and high 
specific gravity. 

In conclusion, it may be remarked that many natural proteins and 
resins — the keratin of nails, hair and feathers, colophony and others — 
form primary valence lattices which may possess such great regularity that 
they give at times very definite x-ray interferences, as shown by interesting 
experiments of Astbury.®^ 

The properties of the primary valence lattice enumerated above — 
in fusibility, insolubility, strength and density — make it difficult to 

W. T. Astbury, Fundamentals of Fiber Structure. Oxford 1933. Cf. also W. T. 
Astbury, Trans. Faraday Soc., 29, 193 (1933); see also T. B. Speakman, Proc. Roy. 
Soc. (B) 130, 377 (1928). 
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treat them according to the exact methods of physical and organic chem- 
istry, although these same properties enhance their technical importance. 
The result is that data relating to internal structure are inadequate to 
characterize the artificial materials which play such an important part in 
modern industry. 

3. Primary Valence Networks 

Here, also, there is a complete concordance between geometric and 
dynamic systematization; lattices in which, according to Weissenberg, 
there is a possibility of linkage of the lattice points in two dimensions, 
and where conditions are therefore favorable to layer lattice development, 
may be held together by the most diverse forces. We are interested here 

in those cases in which primary va- 
lence networks are formed through 
the action of homopolar atomic link- 
ages which traverse the entire crys- 
tal uniformly. 

Thus, for example, in the graph- 
ite lattice, the micro-unit is iden- 
tical with the carbon atom, i.e. no 
larger closed atomic group can be 
formed. If any two points lying in 
the basic plane (Fig. 45) are joined 
in this lattice, the bond is extended 
by the symmetry elements over the 
whole plane, but in such a way that 
any two consecutive planes remain 
free of one another. It is again 
legitimate from the distance rule, to identify the linkage in the reference 
plane with a chemical primary valence, when primary valence networks, 
N 1 N 2 etc., are obtained which may be linked to one another by bonds of 
other types (layer lattices). If, at any point, however, two such networks 
are linked together, then the cohesion will spread by means of the sym- 
metry elements throughout the whole crystal. The linkage within the 
layers themselves is, however, independent of the linkage between one 
layer and another. These conditions have already been discussed and 
allow of an explanation of the laminar form, the accompanying easy slip- 
page, the anisotropic character of the conductivity and various other 
properties of graphite. 

In addition to graphite, there is a series of other reticulate or layer 
attices. The most closely allied is the lattice of graphitic acid. 
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Fig. 45. Primary valence network lattice 
of graphite. 
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If graphite of very variable origin is treated with nitric acid or a mixture 
of concentrated HNO3 and H2SO4, a definite swelling of the laminae is 
observed. Hofmann and FrenzeP have found that all the x-ray inter- 
ferences remain practically unchanged by this; only the principal reflection 
lacks sharpness and shows a shift to smaller angles of diffraction which 
corresponds to an increase of the lattice plane distance from the normal 
value 3.37 A to 3.68 and 4.1 A. On further swelling, the material changes 
color and becomes brown; the inter-planar distance of the primary valence 
networks is now 7.9 A. 

Graphitic acid results if KCIO3 is added during the oxidation of graphite; 
green laminae are obtained which swell actively in water. In thoroughly 

dried condition, the distance be- 

Ca 0 ^ tween the carbon layers amounts to 

6.4 A and to 11.3 A in the presence 
s, 06 A ^0% water. It is clear that here 

i a very definite layer lattice is pres- 
ent in which the separate lattice 
planes, which are otherwise firmly 
3 OB a t)Ound together by primary va- 

lences, become very easily displaced 
with respect to one another on the 
infiltration of foreign atoms. 

3 , 06 A Schleede and Wellmann®® have 

obtained very interesting products 
by the action of alkali metal vapors 
on graphite; as x-ray data show, the 

Fig. 46. Point arrangement in the layer ^toms of the alkali metals-K, Rb 
lattice of calcium silicide after Boehm and Cs were employed— penetrated 
and Hassel. between the lattice planes of the 

hexagons and increased their dis- 
tances quite appreciably; identity periods of 21, 34, 18, 51, 22, 73 A etc., 
were measured on the hexagonal axis; graphite itself had d = 6.79 A. 

We are just as well informed regarding the structure of calcium silicide, 
which was described by Bohm and Hassel as a primary valence lattice 
of six-membered silicon rings linked together by calcium bridges. Fig. 46 
shows diagrammatically the arrangement of atoms in this lattice as eluci- 
dated by thorough x-ray structure analysis. 

All the substances mentioned are characterized by extreme laminar 

« U. Hofman and A. Frenzel, cf. e.g. Kolloid Z., 61 , 297 (1932); 69 , 351 (1934); 
furthermore Ber„ 63 , 1248 (1930) and Z. Krist., 86 , 340 (1933) ; 98 , 229 (1937). 

A. Schleede and W. Wellmann, Z. physik. Chern., (B) 18 , 1 (1932). 
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habit. It would be of great interest in this connection to have an accurate 
knowledge of the siloxene derivatives prepared by Kautsky®^ from calcium 
silicide, which show the same high tendency to layering and are famed 
for their interesting topochemical reactions. According to Kautsky^s 
researches, the compounds can experience chemical substitution layer for 
layer without losing external cohesion, a process which Freundlich has 
designated permutoid reaction of this crystalline system. It is a special 
case of a reaction which is confined to definite, spatially fixed points. Such 
reactions have been much investigated by Kohlschiitter and termed 
topochemical. 



Fig. 47. Layer lattice of cadmium iodide. 


The ionic lattices include also a large number of layer lattices in which 
the same heteropolar type of linkage is present in the layer plane as perpen- 
dicular to it; but such that, through the polarizability of the ions, the 
linkages are considerably greater in a given , network plane than they are 
perpendicular to it. An example of such a heteropolar layer lattice is the 
lattice of cadmium iodide, represented in Fig. 47, in which the strongly 
anisotropic conductivity, solubility, etc. are readily understandable from 
the structure. 

Recent researches of de Boer and his collaborators®® on the intermicellar 

H. Kautsky, 1. anorg. allgem. Chem., 139 , 135 (1925); 147 , 81 (1925); cf. also 
Ber., 67, 1665 (1925). 

C. I. Dippel and I. H. de Boer, Rec, trav, chim., 57 , 277 (1938) ; cf. also Z, phyaik. 
Chem., (B) 21 , 278 (1933); 26 , 399 (1934). 
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swelling of CaF2 in cesium vapor are of particular interest in this con- 
nection. They show that CaF2 prepared by sublimation is able to take 
up quite appreciable amounts of Cs and liberate it again by a completely 
reversible process. 

The particular preference for a given plane is always characteristic 
of a marked layer lattice. Macroscopically it is generally evident as a 
cleavage plane and is particularly prominent by its intensity in the x-ray 
diagrams as the network plane of densest lines. Using deformed prepara- 
tions of graphite and molybdenite, x-ray diagrams show, moreover, 
that the distance between the separate valence networks is not as de- 
pendable as the atomic distance within these networks. On application 
of high pressure, reflection from the basic plane of graphite is broadened 
markedly, while the distance between the crystallographic network planes 
perpendicular to it remain consistently sharp. This fact indicates that in 
the minute crystals of the preparations investigated, the distance between 
layer planes has been somewhat changed by the stress, whereas the 
primary valence network has remained rigid. A similar effect was found 
in other well defined layer lattices such as molybdenum sulphide and 
calcium silicide. 

4. Primary Valence Chain Lattices 

The next step in the Weissenberg system leads to the chain lattices 
which are characterized by the presence of a parallel set of screw axes or 
a set of slip-surface planes. Numerous organic molecular lattices possess 
this structural principle, in which the molecular groups running through 
the whole crystal are linked together as island chains. This linkage has no 
particular chemical significance, as a rule, but it corresponds to the force 
effects described by the screw axes, generally van der Waals cohesion 
forces, as, for example, in the lattice of CO2, oxalic acid, etc. 

If, however, the forces which unite the micro-units are of the order of 
magnitude of chemical primary valence, then we obtain chains extending 
throughout the whole crystal, which, in accordance with previous termi- 
nology, may be designated primary valence chains. 

If experience gained from layer lattices is. applied to the chain lattices, 
which are also frequently named fiber lattices, it is to be expected that 
the cohesion of the primary valence chains will stamp the whole structure 
and that permutoid reaction will be present to a still higher degree than in 
layer lattices, because here the strong cohesion due to primary valence 
acts only in a single direction. We may further assume that the diffraction 
effects of such primary valence chains will exhibit certain similarities to 
diffraction phenomena in linear lattices. 

It is well known that a rigid collection of points irradiated perpendicularly 
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with monochromatic x-rays gives a diffraction pattern on a flat plate 
consisting of curves resembling hyperbolas. Only by the juxtaposition of 
several linear lattices in regular arrangement do the hyperbolas exhibit 

t PHmary radiation 

ground glass plate 



Fig. 48. Diffraction phenomenon in a linear point lattice; co-axial diffraction cones 

are produced. 


Axis of rotation 



Fig. 49. Diffraction phenomenon in a linear point lattice taken on a cylindrical 
film; parallel layer lines are produced. 

breaks, due to the additional extinctions now occurring, and change 
into the familiar layer lines. Fig. 48 represents diagrammatically the 
diffraction process in a linear lattice and Fig. 49 that in several fiber 
lattices placed regularly beside one another. 
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If, now, the regular arrangement of the single chains is disturbed by 
any influence, we may expect increasing smearing of the interferences 
along the individual layer lines. Actually it is found, e.g. in asbestos, 
which appears from its completely fibrous structure to belong to the group 
of chain lattices, that such an effect can be observed more or less clearly. 
Frequently the diagram of strongly mercerized or otherwise chemically 
treated cellulose shows definite smearing of the interference points along 
the layer lines, a qualitative proof that the structure concerned belongs 
to the fiber lattice type. It will be shown in greater detail in the next 
section that all x-ray and chemical evidence points to the fact that typical 



Fig. 60. Position of paraffin chains in the Fig. 61. The zig-zag structure 

unit cell. of the fatty acid chains gives 

rise to an internal periodicity 
of the magnitude Ad. 


fiber lattices of primary valence chains are present in the high molecular 
organic substances. 

The relations between molecular and primary valence lattices are 
very clearly illustrated by a research carried out by Hengstenberg®® at 
the suggestion of Mie and Staudinger on the paraffin C36H72 and extended 
in recent years by the very comprehensive work of Muller’^® on C29H60 
and C30H62. As already mentioned, investigation of lower and higher 
crystallizable paraffins has indicated that the unit cell increases regularly 
in one dimension during growth of the carbon chain but remains of constant 

J. Hengstenberg, Z. KrisL, 67, 683 (1928) ; Ann. Physik, 84, 245 (1927). 

70 A. Muller, Z. Krist., 70, 386 (1929) ; Proc. Roy. Soc. London., (B) 120, 437 (1928) ; 
124, 317 (1929); Trans. Faraday Soc., 26, 347 (1929). 
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size in the other two dimensions. We concluded from this that the parajfin 
molecule in the unit cell lies parallel to the former axis (c axis), as shown 
in Fig. 50. If we reflect in a plane (001), which is perpendicular to the 
paraffin chains and coincides with the gliding planes of the lattice, we 
obtain a diagram which allows us to calculate the identity period along 
the c-axis. In the case of the paraffin C 86 H 72 this amounts to 46.2 A. 

For measuring the two other (shorter) periods perpendicular to the 
chains, the crystal has to be adjusted vertically to the axis of the camera 
and rotated in front of a monochromatic x-ray beam. The diagram 
which results shows that the a- and b- edges of the elementary cell have 
lengths of 7.4 and 4.97 A respectively, and that the crystal possesses 
rhombic symmetry. 

Besides these three distances of 4.97, 7.4 and 46.2 A, which form the 
elementary cell and are the true identity periods of the lattice, another 
spacing appears with strong intensity in the diagram. It corresponds 


/ z ^ 3Z 35 



Zld 

< d 

Fig. 62. The figure shows the true (intermolecular) identity period d and the 
internal molecular period Ad. 

to a distance of about 2.5-2.6 A. As Fig. 53 shows, this coincides with the 
distance between alternate carbon atoms in an ordinary zig-zag paraffin 
chain. 

While the three above mentioned periods of 4.97, 7.4 and 46.2 A are 
to be regarded as true identity periods of the lattice, the distance of 2.5 A 
must be called a pseudo-identity period which has nothing to do with the 
lattice structure itself but is due to the great regularity prevailing within 
each molecule. (Compare Fig. 51.) 

On proceeding along the c-axis in such a crystal, crowded network planes 
occur at distances of 1.25 A, atoms with identical reflecting power at 
2.5 A, and strictly identical network planes only at 46.2 A, a fact which 
leads of necessity to angulated chains of the dimensions indicated earlier. 
Fig. 53 shows diagrammatically how reflections lying near the point of 
penetration correspond to large network plane distances in the crystal 
lattice, whereas points lying outside correspond to the small distances 
within the molecule. Similar results have been obtained by investi- 
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gations^^ on the other long chain compounds, such as alcohols or ketones, 
which have been carried out in the last few years. All these studies to- 
gether give us a very reliable and clear insight into the lattice structure 
of crystals, which are built up by chains of medium length and are of 
great importance for the structure of the high polymeric substances. 

In the transition from pure substances (chains of exactly equal length) 
to mixtures (chains of slightly different length), the large network plane 
distances, which are characteristic of the length of the molecule, disappear 
and there remains only the above mentioned subdivision as sharply marked 
periodicity. Since this is now determinative for the identity periods along 
the fiber axis, molecular components and not molecules themselves are 
responsible for the regular repetition which produces the identity. The 
unit cell appears correspondingly small and the lattice has become a 
primary valency chain lattice. 



Fig. 53. Because of the Bragg reflection law large network plane distances 
correspond to small angles of diffraction and vice versa. 

L. Piper^2 firgt found that the reflections belonging to the molecular 
lengths in a mixture of palmitic and stearic acids appear broadened and lie 
between the positions due to the pure components, a behavior which is in 
line with the Vegard rule for inorganic mixed crystals. 

Later, long chain compounds were studied very thoroughly by Hengsten- 
berg^* and A. Muller. While in pure substances (e.g. C86H72) the long 

E. Shearer, Proc. Roy. Soc. (A) 108, 655 (1925); A. Muller, Proc. Roy. Soc., 
(A) 138, 517 (1932); 168, 292 (1937); A. R. Ubbelohde, Trans. Faraday Soc., 34, 292 
(1938); I. W. H. Oldham and A. R. Ubbelohde, Trans. Faraday Soc., 36, 328 (1939). 

^^2 L. Piper, J. Chem. Soc., 127, 2194 (1925); 128, 2310 (1926). 

72 J. Hengstenberg, Z. Krist., 67, 583 (1928). 

7^ A. Miiller, Z. Krist., 70, 386 (1929); Proc. Roy. Soc. London, 120, 437 (1928); 
124, 317 (1929); Trans. Faraday Soc., 26, 347 (1929). 
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period is always observable, it disappears in homogenous mixtures of 
similar average chain length. Chains which consist of the same members 
but possess different lengths, exhibit only interferences corresponding to 
the short periods (subdivision) and give rise to a unit cell which is indicated 
by the very marked periodicity within the molecule and not by the repeti- 
tion of the molecule itself. 

In the long chain compounds available synthetically, of a certain 
molecular size upwards, a separation into pure substances, i.e. into fractions 
of exactly the same chain length, has not yet been attained. X-ray re- 
search on the lower, pure members shows molecular lattices with long 
periods which in higher, impure preparations pass into primary valence 
chain lattices. In a few long chain compounds in which definite cells 
recur periodically— with Staudinger, we shall call them polymeric homolo- 
gous series — this gradual disappearance of the interferences has been 
examined experimentally, in the greatest detail among the lower and 
higher polyoxymethylenes. The noteworthy fact has emerged that, after 
disappearance of the large periods, the small ones are not the only identity 
to persist, but that an intermediate periodicity is established, e.g. in the 
polyoxymethylenes, according to Hengstenberg,^® which makes up the 
ninefold small period. This intermediate value is presumably produced 
by the mutual interaction of the chains. 

Natural high polymeric compounds, like high molecular weight mixtures, 
show only reflections corresponding to the intra-molecular periodicity, so 
that here also primary valence chain lattices are involved. 

In the case of extremely long molecules which are identical, the inter- 
ferences characteristic of the large network distances are shifted very near 
to the point of penetration and are weak and blurred on account of the 
rare repetition of long molecules in the single small crystal. Under these 
conditions, in spite of the identity of the molecules, their very great length 
is responsible for the absence of all but the interference phenomenon of a 
chain lattice. 

The method of applying the paraffins to the support also influences the 
sharpness of the large network plane distances. According to recent re- 
searches, there frequently exist, in long chain compounds, as previously 
mentioned (see p. 139), polymorphic modifications which differ from one 
another only by the different angle of inclination of the chains to the plane 
of the laminae. Probably, according to the mode of preparation of the 
reflecting layer, a mixture of such modifications is produced which gives 
rise to a lowering or a broadening of the basic reflection. Under certain 

J. Hengstenberg, Ann. Physik, 84 , 245 (1927). 
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conditions, this may also lead to entire disappearance of the reflection 
which is characteristic of the large periods. 

If the individual primary valence chains are not in themselves suffi- 
ciently orientated, then the intra-molecular interferences of the individual 
fibers may also be blurred or entirely disappear, so that it is impossible to 
observe any longer a well defined x-ray pattern. 

It has only been possible quite recently to obtain preparations of typical 
high molecular weight substances so uniform that the long identity periods 
can be observed directly with the x-ray spectrograph. Bernal and Crow- 
foot^® have been able to measure identity periods of 67 A and 154 A directly 
in single crystals of pepsin by using a particularly precise exposure tech- 
nique; a molecular weight of 40000 was obtained with 12 molecules in the 
elementary cell. A qualitative discussion of intensities allows the con- 
clusion that the protein particles are dense-textured, flattened, spherical 
clusters with a diameter of about 30 A.^®^ 

Clark and Corrigan^^ were able to determine direct identity periods of 
74.7 A and 30.6 A in crystalline insulin and derived a molecular weight 
of about 39000. Similar results were obtained by Wyckoff and Corey^® 
on haemoglobin. The same authors were able to measure periods of 
100 and 330 A directly in proteins, especially in the tail sinew of the 
kangaroo and in quills and porcupine bristles; finally, Clark, Parker, 
Schaad and Warren^® measured network plane distances of about 440 A 
in collagen. 

From all these results it may be assumed that synthetic high polymers, 
because of the non-uniformities unavoidable in their preparation, are 
usually poorly susceptible to x-ray analysis with regard to very long 
periods, but that the natural products, which are usually formed much 
more slowly, display a considerably higher internal molecular order with 
greater sharpness and definition. As in the case of the above substances 
they throw much light on intermolecular interferences. 

J. D. Bernal and D. M. Crowfoot, Nature^ 133, 794 (1934); D. M. Crowfoot, 
Nature^ 136, 591 (1935); cf. also W. T. Astbury and R. Lomax, /. Chem, Soc.^ 1936, 
846. 

Compare also D. Wrinch, Nature, 134, 978 (1934); 137, 411, (1936); 139, 972 
(1937); 142, 956 (1938); I. Langmuir, Proc. Phys. Soc,, 61, 592 (1939); J. D. Bernal, 
Nature, 141, 521 (1938); 143, 74 (1939). 

G. L. Clark and K. E. Corrigan, Phys. Rev., 40, 639 (1932). 

78 R. W. G. Wyckoff and R. B. Corey, Science, 81, 365 (1935); /. Biol. Chem., 114, 
407 (1936). 

78 G. L. Clark, E. A. Parker, J. A. Schaad and W. 1. Warren, J. Am. Chem. Soc., 
67, 1509 (1935). 
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5. structure of Silicates 

A specially good example showing how a large group of important com- 
pounds can develop all the above described types — primary valence lattices, 
primary valence networks and primary valence chains — is afforded by the 
silicates whose structure elucidation is due in the first place to the experi- 
ments of W. L. Bragg and his co-workers®® over many years. For these 
very compounds the old method borrowed from organic chemistry of 
description by the aid of constitutional formulas was shown to be inap- 
propriate. 

The work of W. L. Bragg and also the experiments of L. Pauling®^ 
and F. Machatschky®^ have led to the establishment of astonishingly 
simple principles which render the structure and properties of these widely 
distributed compounds intelligible. 

The main forces, which prevail in these lattices are those between the 
silicon and oxygen atoms which are best viewed as homopolar primary 
valences, although they probably have in part a certain hetcropolar aspect. 

We can now base the structure of the silicate lattices on the following 
principles. 

a) Each silicon atom is surrounded by 4 oxygen atoms in tetrahedral 
association. 

b) One oxygon atom can be chemically combined with one or two silicon 
atoms. 

c) Two tetrahedra built up of silicon and oxygen may have one oxygen 
atom in common. 

We may derive from these simple rules two possibilities as extreme cases. 

a) The lattice consists of isolated Si04 tetrahedra which form islands 
and which have metal atoms or ions in the interstices. Each 0 atom 
belongs only to one tetrahedron; the ratio of Si to 0 is 1 :4 or 

b) each 0 atom belongs to two tetrahedra. Then a primary valence 
lattice of the composition (Si02)n is formed and the ratio of Si to 0 is 1:2. 

All silicates may now be grouped between these two extreme cases, 
according to whether more or less of the 0 atoms present belong to two 
Si atoms. In this way we obtain : 

1. The ortho-silicates with quadruple negatively charged Si04 ions. 
They possess the properties of normal, ionic-radical lattices such as CaCOa 
or BaS04, Mg2Si04, ZnSi04 and others belonging to this class. 

Cf. e.g. W. L. Bragg and W. J. Warren, Z. Krist., 69 , 168 (1928); 76 , 201 (1930). 

L. Pauling, Proc. Nat. Acad. Sci. U. S.j 16 , 678 (1930). 

®*F. Machatschky, Naturwiss., 26 , 67 (1938). 
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2. Silicates which, though polymerized, contain a finite number of Si-0 
groups, are formed by the union of one or more O atoms to two Si atoms 
in the lattice. 

When two Si04 tetrahedra have one O atom in common, dimeric (Si207) 
ions result; they also are islands in the Weissenberg meaning and represent 
closed finite lattice units. Examples are Sc2Si207, Pb3Si207. 

If three Si04 tetrahedra condense with the elimination of three atoms 
to a ring shaped ion (SiaOg), the compound BaTiSisOg and several others 
result. 


TABLE 66 

Structure of the Silicates 


Ratio 

Si:0 

Compoeition and Form of the Anion 

Total 
charge 
of the 
Anion 

Charge 
of one 

Si Anion 

Examples 

1:4 

(Si 04 ) Tetrahedron 

-4 

-4 

Mg 2 (Si 04 ) Forsterite 

2:7 

(Si 207 ) Double-tetrahedron . . 

-6 

-3 

Sc 2 (Si 207 ) Tortveitite 

1:3 

(SiaOs) Ring 

-6 

-2 

BaTi(Si809) Benitoite 

1:3 

(SieOia) Ring 

-12 

-2 

Be3Al2(Si60i8) Beryl 

1:3 

(Si 03 )n Chain 

— 2n 

-2 

CaMg(Si06)2 Diopside 

4:11 

(Si 40 ii)n Band 

— 6n 

-1.5 

Ca2Mg4(Si40ii)2Mg(0H)2 

Tremolite 

2:5 

(Si206)n Plane 

-2n 

-1 

Mg2(Si206)2Mg(0H)2 Talc 

3:10 

(AlSi80io)n Plane 

— 5n 

-1.67 

KAl2(Si3A10io) (0H)2 Mus- 
covite 

1:2 

(Si02)n Space network 

0 

0 

Si02 Quartz 

3:8 

(AlSi808)n) 3-dimensional 

— n 

-0.33 

KCAlSisOs) Orthoclase 

1:3 

(AlSi 206 )n/ giant anion • 

— n 

-0.5 

Na(AlSi206) + H 2 O Anal- 
citc 


3. Silicates with endless Si — 0 chains, which af^ formed when Si04 
tetahedra, linked successively in a given direction of the lattice, have one 
0 atom in common. Here we have typical primary valence chains of the 
composition (Si03)n. This structure is found in the pyroxenes CaMg(Si03)2 
— MgSiOs. By association of two (SiOs) chains, an endless band is pro- 
duced of the formula (Si40ii)n, which is present in the silicates of the 
amphibole and serpentine group and is characterized by very marked 
fiber structure (asbestos). 

4. Silicates with Si04 networks. By linkage of (Si04) tetrahedra giant 
laminar anions are produced such that three 0 atoms are always common 
to two Si04 tetrahedra. They have the composition (Si205)n and are 
present for example in talc, kaolin and mica. 

All the physical and chemical properties of these substances are in 
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complete harmony with the presence of primary valence networks. The 
layers can cohere among themselves by ionic forces or by van der Waals 
forces. 

5. Silicates in which each 0 atom belongs to two (Si 04 ) tetrahedra. 
We have here primary valence lattices which are designated honey comb 
lattices; the class includes the different modifications of Si 02 , quartz, 
tridymite and crystobalite, also the silicates of the feldspar group and the 
zeolites. In these the exchangeable water molecules fit into the large cavi- 
ties which occur between the incompletely formed Si 04 tetrahedra. 

Table 66, due to Grimm, summarizes the above remarks; it gives a 
very striking picture of the great variety of the lattices met with, and 
indicates that the silicates, which are rightly classed as the high polymeric 
substances of inorganic chemistry, extend in their properties over a very 
wide range, appearing sometimes as needle-like or laminar, soft materials 
and at others as hard, brittle substances. 

In conclusion it may be pointed out that L. Pauling®^ has succeeded 
in the task of investigating in the same way the large class of heteropoly- 
acids of W and Mo with regard to their lattice structure. 

6. Internal Mobility and Form of Molecules in Relation to Lattice Structure 

The idea that molecules can change their shape is not alien to organic 
chemists. In ring closure between 1-5 or 1-6 positions it is always as- 
sumed that the chain curves and that the ends unite to form a ring. This 
concept has been represented symbolically by the formulas, but it can now 
be taken literally and evaluated morphologically. Unfortunately, little is 
known regarding the different possible states of the molecule with regard 
to shape but there is no doubt that research on the different types of 
molecular state is an important problem which will throw renewed light 
on many processes in the chemistry of the high molecular substances as 
well as of biologically important compounds. 

The phenomena of polymorphism show immediately that individual 
atoms in organic molecules assume different arrangements under changing 
external conditions. Thus, for example, in tetrabromomethane the indi- 
vidual molecule possesses tetrahedral symmetry above 45°C., whereas 
below this temperature it possesses less symmetry in the monoclinic form. 
A change has, therefore, occurred in the positions of the bromine atoms 

Cf. H. G. Grimm, Handbuch der Physik. Second edition Berlin 1936, Vol. 24, 
part 2. 

L. Pauling, Proc. Nat. Acad. Sci. U. S.j 16 , 578 (1930); see also S. D. Hendricks 
and W. H. Frey, Soil Sci., 29, 457 (1930). 
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relative to one another and to the carbon atom. Similar changes in the 
shapes of molecules are doubtless to be assumed in many polymorphous 
modifications. As previously stated (see p. 19), the tetrahedral angle is 
not strictly preserved in the transition from CCU to CHCI3 and CH2CI2. 
Moreover, the optical activity of crystallized benzil, which vanishes in 
solution, points to an arrangement of the atoms which is different in the 
aggregate from that in the free state. 

In solution and in gaseous state the concept of approximately free 
rotatory power leads to the inference that, at temperatures which are not 
excessively low, open chains, such as hexane, do not possess the same rigid 
rectilinear form as in densely packed crystal lattices. Rather, will the 
length and shape of the chains undergo thermal fluctuations; the frequency 
of occurrence of a given form will be determined by its a 'priori probability 
and by its energy content. An isolated long paraffin chain in the gaseous 
state, because of its heat capacity and also of the van der Waals forces 
exerted by the individual groups on one another, will assume a more or 
less strongly curved form, which is both lower in energy and at the same 
time statistically more probable than the straight chain (see page 72). 
The shape of the molecule in the gaseous state frequently differs therefore, 
from that in the crystal. 

Particularly marked differences are to be expected in the case of mole- 
cules which possess groups with strong dipole moments (OH-, COOH-, 
NH 2 -, CO-groups). We know from the association of acetic acid, alcohols, 
etc. in the state of vapor that such groups exert strong forces of attraction. 
Now in the crystal lattice, the molecules of normal dibasic acids are in 
extended parallel arrangement, as evidenced by x-ray study, and the two 
carboxyl groups of each individual molecule are far removed from one 
another and closely associated with the carboxyl of a neighboring acid. 
Doubtless the isolated dicarboxylic acid molecule, typified by sebacic acid 
C00H(CH2)8C00H, will behave differently. Due to the attraction of 
the two carboxyl groups, considerable curvature of the molecule to a 
ring-shaped structure is to be expected. In solution, the shape will depend 
on the solvent and will differ in those liquids which solvate principally 
the CH 2 group and in those which solvate the COOH group. In water, 
alcohol and organic acids, the van der Waals forces of the two carboxyl 
groups are to a large extent saturated by the solvent, but in dilute solution 
in benzene and the like, similar conditions should obtain to those in the 
gaseous state. 

The behavior of acids in the surface film of an aqueous solution confirms 
this view experimentally. According to Langmuir and Adam it must be 
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assumed that in fatty acid films on water, the COOH groups lie on the 
surface, whereas the lipoid part is drawn into the water. According to 
spatial requirement, dibasic long-chain acids behave as two molecules of a 
monobasic acid, i.e. there is folding or curvature of the chain. 

For example, the space requirement of nonylic acid amounts to 25 X 
10"^® cm2 pgj. molecule, that of sebacic acid 57 X 10“*^®. Similar relations 
are to be expected in amido acids, polyhydroxyl compounds etc. 

It is clear that in low molecular compounds, such shape changes result 
in no special phenomena, but they are effective in compounds in which 
the macroscopic behavior is influenced by the considerable length of the 
chains. In this case the form changes may be accompanied by changes 
in the physical state (see the chapter on rubber and proteins). Generally 
speaking, this expectation is highest in compounds with open chains, since 
here the free rotation of the valences permits a change without essential 
energy addition. In molecules whose structure is strengthened by ring 
closure, they can occur very much less frequently. 

If we assume that the Bragg model represents accurately the true shape 
and size of the molecule, the following conclusion, which is of importance 
for the theory of structure and isomerism, may be drawn: Only those com- 
pounds can exist which obey the laws of space requirement outlined above, 
that is, which can be represented without strain by the Bragg molecular 
models. We arrive at the fact that two carbon atoms, united by primary 
valences, may not be separated by any distance greater than 1.2-1. 6 A, a 
requirement which places definite limitations on the bridge bonds fre- 
quently formulated in organic chemistry. 

It may be shown, for instance, that of the anhydrides of 2 , 3 , 6-trimethyl 
glucose which would be possible according to structural theory, represented 
below by formulas I and II, II cannot be reconciled with this condition. 


I II 

H a jS H a 


c 


C 

1 

HCOCH3 


1 

HCOCH3 

0 0 0 0 

H3COH 

1 


H3COCH 

1 

I 

c 

1 

1 

1 

1 1 

HC — ' 

1 

HC 


HCOCHs 

H 


HCOCH, 

H 
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This is best seen in the spatial model of Fig. 54 which has been con- 
structed by using Bragg’s atomic diameters and the tetrahedral model. 
If, with the P arrangement, an anhydride bridge from 1 to 4 extends from 
atom 1, it must cut into the ring; this is impossible in the model. Atoms 
which are not united by a primary valence, cannot approach to within 
1.3-1. 6 A, which means a further limitation of the space formula. 

Moreover, it can be seen that an anhydride of cellobiose which contains 
an oxygen bridge between the carbon atom 1 of the reduced ring and the 
carbon atom 4 of the other ring, cannot be constructed without strain. 
This is important, because such a formula can occasionally be assigned to 
certain degradation products of cellulose 



Fig. 54. Spatial model of /3-glucosc. Fig. 55. Left: cis configuration. Cen- 

ter: trans configuration. Right: Nor- 
mal paraffin chains. 

In compounds of the type of camphor or cincol, cis- and trans-forms 
are possible from structural theory but only one type of molecule has been 
found. The spatial model with the double ring system shows at once 
that only the cis-configuration is possible, in which the groups and atoms 
involved stand outside on the spherical masses which form the camphor 
framework. 

Since the tendency to mixed crystal formation and to isomorphism 
phenomena is essentially due to the fact that foreign molecules of similar 
form and similar association forces arc incorporated in a lattice, the fact 
of mixed crystal formation can be utilized in doubtful cases for determining 
constitution, provided that at least the structure of one of the two com- 
pounds crystallizing together has been elucidated beyond doubt. This 
method, frequently used by Bruni,®® gains considerably in conclusiveness 
through more accurate concepts of molecular structure. It may be 


G. Bruni, 1. c. p. 415. 



INTERNAL MOBILITY AND FORM OF MOLECULES 17S 

applied inter alia particularly to the problem of the syn- and anti-con- 
figuration. 

As shown in Fig. 55, the zig-zag structure of a paraffin established by 
x-ray technique is closely allied spatially with the trans-configuration, 
whereas the cis-configuration has a totally different spatial arrangement. 
It is to be expected, therefore, that trans-forms resemble the long chain 
paraffins physically and generally crystallize together. Bruni has, in fact, 
proved that elaidic acid crystallizes with stearic acid and deduces from 
this fact that elaidic acid is the trans-form. This conclusion, which con- 
tradicts many chemical data, has been confirmed beyond doubt by Muller 
and Shearer®® by x-ray investigation of the acids. The resemblance be- 
tween stearic acid and elaidic acid is also evident from their similar melting 
points as compared with the lower melting oleic acid. We shall see in the 
chapter on rubber and balata that gutta percha of trans-configuration 
differs mainly from rubber of cis-configuration ])y having a higher melt- 
ing point. 

Bruni demonstrates in an analogous way the connection between crotonic 
acid and butyric acid; the trans-form is indicated for crotonic acid and 
the cis-form for isocrotonic acid. He further deduced, from the isomorph- 
ism of stilbene, benzal aniline and azobenzene with dibenzil, the trans- 
configuration of these compounds; x-ray examination clearly confirmed 
the trans-form for stilbene. If it is possible in this way to establish the 
position of the unknown double bond in a known aliphatic chain, it is 
possible conversely, from a knowledge of the olefine configuration, to 
determine the configuration of the paraffin crystallizing with it. 

When Bruni shows that dimethyl succinate crystallizes with dimethyl 
fumarate, it means that the succinic acid ester has a structure resembling 
the trans-form, i.e. must have a zig-zag form — at least, as long as it is 
incorporated in the fumarate crystal. 

Isomorphism can serve for elucidating constitution also in really com- 
plicated cases; many years ago Garelli®^ concluded from the fact that 
tropanine and granatanine form solid solutions in naphthalene, that they 
are simple bi-nuclear substances without branch chains; Willstatter,®® 
Ciamician and Silber®® proved this by chemical means. 

Similar considerations established for the sterols by Bernal and Crow- 
foot®® are of special importance. Definite proposals for these substances 

A. Muller and E. Shearer, J. Chem, Soc.j 123, 3156 (1923). 

87 A. Garelli, Ber„ 29, 2972 (1896). 

88 R. Willstatter, Ber. 29, 393 (1896); Ann., 312, 204 (1901); 326, 1 (1903). 

89 G. Ciamician and P. Silber, Ber., 26, 1601 (1892); 26, 156, 2738 (1893); 29, 481 
(1896). 

99 Cf. J. M. Robertson, Rep. Progr. Phys., 4, 332 (1938). 
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have been made by chemists working in this field and especially by 
Windaus and Wieland, although preparative chemical methods have not 
succeeded in setting up a completely satisfactory structural formula. 

Measurements on a series of sterols have supplied very informative 
data on the dimensions of the unit cells (see Table 67) and made it possible 
to calculate the thickness of the molecules and their spatial expansion in the 
molecular plane. The result is that the formula preferred by organic 


TABLE 67 

Unit Cells of Certain Sterols 


Substance 

a 

(A) 

b 

(A) 

c 

(A) 

13 

Thickness 

of 

molecule 

Cholesterol 



14.0 

10.3 

2 

X 

19.6 

117 

— 

Ergosterol -}- H2O 



9.75 

7.4 

2 

X 

19.6 

115 

4.95 

Dihydroergosterol, . . ... 

3 

X 

10.3 

7.4 

2 

X 

21.6 

127 

4.1 

a-Ergosterol -f- Alcohol ... ... 



12.0 

5.81 

2 

X 

17.8 

95 

— 

7 -Ergosterol 



10.0 

6.9 

2 

X 

18.5 

90 

5.0 

Calciferol 

2 

X 

10.4 

7.15 

2 

X 

17.8 

95 

5.2 

Calciferol-pyro-calciferol 

2 

X 

10.1 

7.35 

2 

X 

20.0 

117 

4.5 

Suprasterol I 

2 

X 

13.0 

7.5 

2 

X 

20.0 

137 

4.5 

Suprasterol II 



13.4 

10.4 

2 

X 

17.2 

90 

— 

Lumisterol 

2 

X 

10.2 

7.25 



20.4 

120 

4.3 


chemists is incompatible with the results of the x-ray measurement. 
Bernal®^ deduced from his measurements that a different, flatter structural 
formula, proposed for discussion by Rosenheim and King, was nearer the 
truth, a view that has now been accepted by all research workers in 
this field. 

Thus the interferometric measurement of molecules which are compli- 
cated even in the mind of the organic chemist, has made an important 
contribution to the elucidation of the structure of a very significant class 
of compounds. 


J. D. Bernal and H. D. Megaw, Proc. Roy, Soc. London, (B) 161, 384 (1935). 



E. MOLECULAR ARRANGEMENT IN LIQUIDS 
AND THE INVESTIGATION OF VERY 
MINUTE CRYSTALS 

1. General Remarks on the Arrangement of Particles in a Liquid 

While a quantitative theory for ideal and real gases has been fully 
developed by employing statistical mechanics, and a complete and quan- 
titatively far-reaching idea of the structure of crystals has been provided 
in an astonishingly short time as a result of the discovery of v. Laue, our 
knowledge of the structure of liquids has made only very gradual progress. 
Although there is early work by G. Jager,^ who attempted to work out a 
theory of liquids based on conditions in highly compressed gases, and 
attained quite remarkable success in the quantitative evaluation of several 
constants, precise evidence regarding the arrangement of individual 
particles — atoms and molecules — in the liquid state has only become 
available in recent years.^ 

The reason is as follows: in gases the molecules are present in the free 
state; they move for most of the time without being influenced by any 
forces, so that it is possible to employ statistical methods and to obtain 
data which, though summary, are sufficient to characterize the macroscopic 
state. In the crystal, on the other hand, the mutual forces are so strong 
that the individual particles are maintained permanently in certain 
positions of equilibrium and execute vibrations about these. It is possible 
here to connect the structure with the properties in a purely dynamic way. 

In liquids also, forces are undoubtedly present, otherwise there would 
be no surface tension and no heat of vaporization, but they are not large 
enough to offset the thermal motion of the molecules and to cause the 
formation of an oriented lattice. In liquids we have a state subject 
neither to purely statistical nor purely dynamic treatment and which has 
accordingly presented great difficulties for a long time. 

Only in recent years has it been possible to effect changes. In the first 

1 G. Jager, Sitz. Ber. Akad. Wiss. Wien, 102, 253, 483 (1893); 106, 97 (1896); 111, 
697 (1902). 

2 Comp, especially the monography of J. T. Randall, The Diffraction of X-'Vays 
and Electrons etc., London 1934 and Second Rep. Viscosity. Amsterdam 1938; p. 1. 

177 
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place we are indebted to Prins® and Debye, ^ who rely on the diffraction 
patterns which can be obtained for liquids with x-rays and deduce from 
them quantitative relationships for the molecular arrangement of spherical 
particles. Later, other authors, particularly Raman and his co-workers,® 
Stewart,® Trillat^ and Kratky,® have studied theoretically and experi- 
mentally the conditions in liquids consisting of non-spherical particles 
and have arrived at a concrete idea of the arrangement in the region of 
molecular dimensions.® 

As a result, it may be said that the individual particles of a liquid do 
not, like those of a perfect gas, assume at random all possible positions and 
orientations in space, but that their mutual arrangement resembles very 
largely that of the crystalline state. In this sense we may conceive of the 
liquid as an aggregate of numerous very small crystals in which each 
individual does not show exactly the arrangement characteristic for it in 
the crystal but assumes a scries of temporary positions. These small 
crystallites (each consists only of 10-100 atoms) are only very short lived; 
they disband continually and rccrystallize, so that a given particle belongs 
for an instant to one of these small aggregates, then to none, then to a sub- 
sequent one which has been formed in the meantime, and so on. Kistler 
has proposed to term these groups cyhomaSy and it seems to be very reason- 
able to adopt such nomenclature to have a short expression for the situation 
just described.®^ 

In the gaseous state, the molecules traverse relatively large paths, 
then suddenly collide with one another, thereby suffering an entire change 
in direction; in the crystal lattice the individual atoms vibrate about 
quite definite fixed equilibrium positions; on the other hand, a molecule 
in the liquid state moves slowly from place to place with persistent, irregu- 
lar vibrations; it executes a Brownian motion of very small free path, 
during which its center of gravity exhibits additional vibrations, being 
always under the influence of other adjacent molecules. 

3 J. A. Prins, Physica, 6 , 315 (1926); Z, Physik, 66, 617 (1929); Nature, 123 , 84 
(1929); Naturwiss., 19 , 435 (1931). 

4 P. Debye, J. Math. Phys., 4 , 133 (1925); Physik. Z., 31 , 348 (1930). Compare 
also H. Eyring; J. Chem. Phys. 4 , 283 (1936); J. E. Lennard- Jones; Proc. Phys. Soc. 
43 , 471 (1931). J. Frenkel; Trans. Faraday Soc. 33 , 58 (1931). 

6 C. V. Raman, Phil. Mag., 47 , 671 (1924); Indian J. Phys., 3 , 225 (1929); 3 , 399 
(1929); 4 , 195 (1929). 

® (i. W. Stewart, Rev. Modern Phys., 2 , 116 (1930); Phys. Rev., 31 , 1, 174 (1929); 
32 , 153 (1929); 36 , 726 (1930). 

J. J. Trillat, Trans. Faraday Soc., 29, 495 (1933). 

8 O. Kratky, Physik. Z., 34 , 482 (1933). 

® Cf. also K. F. Herzfeld, J. Applied Phys., 8 , 319 (1937). 

®»S. S. Kistler; J. Phys. Chem. 39 , 79 (1935). 
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The method which gives the clearest insight into the conditions pre- 
vailing is the scattering of x-rays in liquids; this will be briefly discussed 
below. 


2. Scattering of X-Rays in Liquids 

Well developed crystals were such convenient objects for structure 
elucidation by x-rays, that much time elapsed before experiments on the 
scattering of x-rays in liquids were designed with the requisite accuracy 
for satisfactory theoretical treatment. Compared with the wonderful 
point and line diagrams of crystals, facilitating exact calculation, the 
liquid exposures did not at first seem very promising. For they consist, 
in most cases, only of one or a few blurred rings, the measurement of 
which at beat* gave two or three data which had to suffice for theoretical 
interpretation. Conditions changed when Zernike and Prins^® and Debye^^ 
showed that it was necessary to go further than mere measurement of the 
rings and to consider the dependence of the scattered intensity on the angle 
point by point. The authors named demonstrated clearly that the scat- 
tering of x-rays by liquids is an effect made up of two components which 
must be considered separately if the total effect is to be interpreted 
quantitatively. 

Debye, to whom, particularly, we owe the clear recognition and calcu- 
lation of the two effects, has named them inner and outer interference. 

The inner diffraction effect is produced when the individual particles 
of the atom capable of vibration, i.e. the electrons contained in the atoms, 
are dispersed and give rise to secondary radiations which interfei'e with 
one another. In a liquid built up of single atoms — A, Kr, Xe, Hg, Ga — 
the result is that, on account of intra-atomic interference, the dependence 
of intensity distribution on the angle of diffraction is already affected. 
This influence is generally expressed by a factor, which, because of its 
origin, is called the atomic form factor; its action is that more intensity is 
scattered in the directions near the primary beam than if the interaction 
of the individual electrons is not taken into account. 

If we are concerned with a molecule composed of several atoms — 
H2O, CCI4, CeHe etc . — we have to imagine that the individual atoms, 
which* have definite positions in the molecule, also send out secondary 
waves which interfere with one another and cause a further change of 
the angular dependence of the scattered radiation; intramolecular inter- 
im F. Zernike and J. A. Prins, Z. Physik, 41 , 184 (1927). 

11 P. Debye, Phyaik, Z., 31 , 384 (1930). 
i*P. Debye, Phyaik. Z., 31 , 797 (1930). 
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ference is added to atomic interference and the molecular form factor 
must be taken into account as well as the atomic. 

The internal effect is clearest in the scattering of x-rays or electrons 
by molecules in the gaseous state and its study in the gas phase has 
provided the very interesting evidence on molecular structure which has 
already been discussed in the first section.^® 

If now, the atoms or molecules, which are entirely independent of one 
another in the gaseous phase, condense to the liquid phase, certain distance 
relationships are established between them; the result is that even the 
secondary radiations proceeding from the different particles interfere with 



one another and cause additional modification of the laterally scattered 
intensity. This intensity dispersion is caused by the grouping of the 
individual particles in the liquid, so that it is possible to deduce informa- 
tion about this grouping. Conditions are naturally simplest in the mona- 
tomic liquids and the first quantitative results were obtained in their 
investigation. 

The extent to which the intermolecular phase relations may change 
the whole aspect of the diagram may be seen by a comparison of Fig. 56a 
and Fig. 56b, both taken from a fundamental publication of Debye and 
Menke.^^ Carbon tetrachloride was chosen in one case in the state of 

It should be mentioned here that also the critical state of gases has been investi- 
gated with x-rays; comp, W. H. Barnes, Chem. Rev., 23, 29 (1938). 

P. Debye and H. Menke, Physik. Z., 31, 797 (1930). 
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vapor and in the other as liquid. The curve in Fig. 66a shows the effect 
of the angle on scattered intensity for the case of CCU molecules while 
entirely independent of one another in space. It represents the purely 
internal effect and, on the basis of the interference theory, gives insight 
into the symmetry and distances in the carbon tetrachloride molecule 
(see p. 19). 

The curve in Fig. 56b shows entirely different conditions. The first 
maximum is displaced much nearer to the point of penetration. This 
indicates the very frequent occurrence of some distance in the liquid 
which exceeds the intramolecular distances of the individual atoms; for 
according to Bragg^s reflection law 

nX = 2d sin <p (37) 

angle of diffraction cp and distance of the scattering particles d are 
in reciprocal proportion to one another. The appearance of intense 
reinforcement in the neighborhood of the point of penetration points 
to large distances between centers of scattering capable of interfering with 
one another, while lines, points or bands further removed from the primary 
beam indicate a smaller distance within the scattering body. On com- 
paring the two diagrams, we see that the maximum of the external effect 
in Fig. 56b corresponds to about half the abscissa value of the maximum 
of the internal effect (Fig. 56a) and we may infer as a rough approximation 
that any distance occurring frequently in the liquid must be about double 
the distance generally appearing in the diffraction pattern for the chlorine 
atoms in the molecule of carbon tetrachloride. Since the latter amounts 
to about 2 A, we may deduce from a comparison of the two diagrams that 
a distance of about 4 A must occur very frequently in the liquid. 

It is an approximation to regard this as the average intermolecular 
distance of individual particles in the liquid and to obtain in this way a 
first idea of the structure of the liquid phase. 

We shall not, however, be content with this rough average value but 
will attempt something more accurate regarding the distribution of the 
atoms and molecules in the liquid, just as it has been possible to interpret 
the diagram of a crystal to give the complete elucidation of its fine struc- 
ture. The theoretical analysis of the process of scattering by particles 
in random arrangement, such as occurs in liquids, has shown that it does 
not suffice to establish the existence of certain maxima — as seen in Fig. 
56a and 56b — and to derive from them, as was done there, the presence 
of definite average distances as an approximation. It is necessary to 
record the whole course of the scattering curve point by point photo- 
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metrically and to deduce, by the aid of harmonic analysis, the arrangement 
of the particles in the liquid from the laterally scattered intensity as a 
function of the angle. 

It has only been possible hitherto to apply this method with strictness 
to monatomic liquids, but the results obtained have allowed very promising 
analogies to be drawn regarding the arrangement in liquids which do not 
consist of spherical particles. 

a) The Scattering of X-Rays by Monatomic Liquids 

Two methods are possible for elucidating conditions in monatomic 
liquids such as argon, krypton, mercury, gallium etc. The first has been 
adopted particularly by Prins,^® Zernike,^® Mark^"^ and Kratky.^® Its 
principal assumption is that monatomic liquids possess a structure which 
may be regarded as distorted hexagonal or cubic close spherical packing 
and seeks to prove this assumption by experiment. The other method, 
which is stricter and more far reaching in its consequences, has been 
adopted by Debye and Menke,^^ by Prins and Zernike,^® and by Kirk- 
wood.2^ It seeks to infer directly the average distribution of the scattering 
centers in the liquid by harmonic analysis of the intensity distribution 
found experimentally. 

Since the former method of treatment has the advantage of simplicity 
and the latter that of mathematical exactness, we shall describe them both 
briefly and show that they lead to the same results. 

Prins and Mark many years ago expressed the view that the arrange- 
ment of the atoms in liquid mercury may be regarded, to a fair approxima- 
tion, as close spherical packing strongly distorted by internal diffusion. 
This view is based on a very simple estimation. If we construct from 
mercury atoms the densest possible hexagonal packing, with specific gravity 
13.6, the distance between two neighboring atoms works out at 3.26 A. 
If, on the other hand, we take the x-ray diagram for liquid mercury given 
in Fig. 58, a particularly intense maximum is evident, which must cer- 
tainly be ascribed to the external effect, since a monatomic liquid is in- 
volved. If, as an approximation, we regard it (see p. 178) as representing 
the average distance of adjacent atoms in the liquid and insert its angular 

J. A. Prins, Physica, 6, 315 (1926). 

F. Zernike, Z. Physik^ 41, 184 (1927). 

H. Mark, Z. Physik, 64, 505 (1929). 

« 0. Kratky, Physik. Z., 34, 482 (1933). 

P. Debye and H. Menke, Phyaik. Z., 31, 797 (1930). 

S. A. Prins and F. Zernike, Z. Physik^ 41, 184 (1927). 

« J. G. Kirkwood, /. Chem, Phys,, 7, 919 (1939). 
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distance from the primary radiation in the appropriate interference equa- 
tion, we again obtain 3.26 A for this mean value. To a rough approxima- 
tion, therefore the inter-atomic distance which prevails in hexagonal close 
spherical packing holds also in the liquid pattern. 

Consideration of this average value will not suffice and it is desirable 
to have a more accurate conception of the mutual positions of the atoms 
in the liquid. Kratky has extended the view of Prins and Mark in this 
direction and has discussed in greater detail the distortion of the hexagonal 
lattice which serves as the initial arrangement. We arrive at a result 
most easily by assuming that all possible arrangements of the atoms in 
the liquid can be produced by starting with an ideal lattice arrangement 
and allowing each atom a definite displacement of its position relative to 
its neighbors. The same is true for a vibrating crystal lattice, but in 
this case the displacements occur relative to a rigid, geometrically ideal 
framework (the point lattice at absolute zero). In liquids, however, 
displacements should always be stated relative to the neighbors which 
are likewise removed from their rest positions; the result is that the relative 
displacement of two atoms increases with distance, whereas in the vibrating 
crystal the relative displacements from the rest position are constant for 
the individual atoms. 

We shall now imagine the origin of a co-ordinate system fixed in some 
special atom and consider a lattice point at any distance r from it. The 
scattering, which is calculated for this lattice point on the basis of the 
above theory, is then a measure of the distortion of the lattice at this 
point, and at the same time is also a measure of the mobility possessed 
by an atom r units away from the initial atom. 

To invest this method of consideration with formulas, we proceed 
from the above mentioned central atom and establish progressively in 
every direction in space, the distances of the surrounding atoms. In this 
way we obtain statistics of the inter-atomic distances within the liquid, 
the quantitative determination of which is the object of the investigation. 

It is convenient to imagine a thin spherical shell described around 
the initial atom, the radius of which is allowed to increase gradually so 
as to include, during the expansion, the atoms present in concentric spheri- 
cal shells. The radii of these shells are then plotted as abscissae and the 
values IT for the density of distribution of the atoms in the shells as ordi- 
nate. If we establish, for example, that a shell of radius r contains 
exactly n atoms, the density of the atoms in the shell is 
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If we apply the calculation to the lattice of hexagonal close spherical 
packing, we obtain the diagram shown in Fig. 57. On moving out from 

the atom at the origin, we meet at first 
with no other atomic centers of gravity 
because there is a characteristic minimum 
interatomic distance for this lattice. It 
amounts to 3.26 A, as mentioned before, 
so that we come to the first atomic center 
of gravity only at this distance. The co- 
ordination number in the lattice of hexa- 
gonal close spherical packing is 12, so that 
12 Hg atoms are present in the spherical 
shell of radius 3.26 A and the ordinate, 
TF(r), gives a value for r of 3.26. If we 
continue the construction, we obtain sharp 
lines at definite distances fixed by the symmetry and the distance rela- 
tionships in the lattice, which indicate the presence of atoms in the 
appropriate spherical shells. A mere glance at Fig. 57 shows that actu- 
ally, in the distortion of such an arrange- 
ment, a distribution with several maxima 
results, the first of which is predominant 
however, 

A more accurate treatment, again due 
to Kratky, indicated two further maxima, 
which, although not corresponding ex- 
actly in height to the experimental data, 
agreed very well with them in regard 
to position. Fig. 58 gives a comparison 
between the distribution function calcu- 
lated by Debye and Menke from the ex- 
perimental intensity distribution of the 
scattered radiation (upper curve), and 
the distribution derived by Kratky; the 
latter was calculated on the basis of a 
hexagonal close spherical packing subject mentally determined distribution 

to a certain distortion of the arrange- distorted 

\ 11 XT- • hexagonal or cubic spherical 

ment (middle curve); finally there is packing 

shown the curve for the cubic close 

spherical packing (lower curve). It is evident that there is good agree- 
ment with experiment, particularly for the hexagonal close packing. 



Fig. 58. Comparison of experi- 



Fig. 57. Distribution of a- 
tomic centers of gravity in 
hexagonal close packing. 
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This comparison is illustrated even more clearly by Fig. 59 in which 
the position distribution, according to Debye, is indicated by a heavy line, 
the hexagonal close packing by a dotted line and the cubic packing by 
a thin line. It is evident that, at least a^ a first approximation, the concept 
of a distorted close packing for the arrangement of spherical structures 
is very probably near the truth. 

The procedure of Debye and Prins is still more exact. Here, relying 
on the strict relations of the interference theory, a mathematical connection 
is devised between the scattered intensity I as function of the angle of 
deviation and a distribution W as function of r, which indicates the 
degree of probability that, on proceeding from a given initial atom in 
any direction in space, another atom appears after traveling the distance r. 



Fig. 59. Comparison of three curves for the arrangement of atoms in 
a monatomic liquid. 

W and I are combined by an equation derived independently by Zernike 
and Debye, of the form 

Np{l -W) = 2^f s[l - £(s)] Bin (2xps) ds, (39) 

Jo 

in which 


(1 -f cos *■ 


In this 


r 

p « X = wave length 
X 

s = 2 sin = angle of deviation 

N =» number of atoms in the irradiated volume V 
yp == atomic form factor 
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Experiment supplies the / value corresponding to each value of s or 
We can therefore compute j& as a function of s (compare Fig. 60) and 
integrate the right-hand side of (39) stepwise, either graphically or numeri- 
cally. After performing this calculation, the right-hand side represents a 
function F(p) of p (or of r) from which the desired distribution function 
W may be calculated using equation (39). We obtain 


W(r) - 1 


F(r)-\ 

N-r * 


(40) 


By this process we obtain a continuous, smooth distribution function 
W(r) such as is given by Debye and Menke for mercury in Fig. 58. The 
distance from the initial atom is chosen as abscissa and is plotted directly 
in k in the figure. If we imagine a given atom in liquid mercury as fixed 



Fig. 60. Experimental scattering curve E - f{s) for Hg. 


and a volume element combined with it at a distance r, the ordinate of 
the curve in Fig. 58 represents the probability that the center of another 
mercury atom lies within that volume element. 

Experiment gives a zero value for W quite close to the initial atom, 
because the atoms are unable to interpenetrate, owing to the repulsive 
forces acting between the negative charge clouds. The function repre- 
sented by equation (40) expresses a different behavior, because the repul- 
sive forces between the atoms have not been included in it. In this region, 
therefore, the result of the computation is given simply by the horizontal 
axis. The distribution curve then rises steeply to the first maximum, 
to which, as we have seen, the 12 adjacent mercury atoms found in the first 
co-ordination sphere correspond. It then falls to a minimum. This 
indicates that there are regions not occupied by atomic centers of gravity, 
just because of an arrangement resembling close spherical packing. 
A peak occurs again at about 5.6 A, and at large distances, th^ probability 
that an atom will be found in the volume element considered, no longer 
depends upon r in any appreciable way. 



SCATTERING OF X-RAYS BY MONATOMIC LIQUIDS 


187 


In a rigid lattice, the sharp lines shown in Fig. 57 replace the broadened 
maxima of Fig. 66. In this case, the preference for definite distances is a 
strictly valid law, which eliminates the appearance of intermediate dis- 
tances. The distribution curve of Fig. 59 gives a quantitative idea of the 
extent to which the crystal-like structure persists in the liquid in spite of 
the greater freedom of movement of the atoms. Equation (40) combines 
analytically the two functions represented in Figs. 59 and 60 and may 


TABLE 68 

Average Distances in Liquid Alkali Metals 


Subatance 

Distance in A 
calculated from 
the liquid ring 

Width of ring 

duo of the 
solid metal 

Shortest 

atomic 

distances 

Sodium 

3.01 

6°0' 

3.04 

3.63 

Potassium .... 

3.87 

— 

3.68 

4.38 

Rubidium 

4.09 

4°50' 

3.97 

4.61 

Cesium 

1 

4.51 

9°30' 

4.28 

4.93 


TABLE 69 


Average Particle Distances in Liquefied Gases 



Liquid 

Solid 

Substance 

^Cu 

’^Mo 

d in A 

Lattice 

constant 

d for the 
most in- 
tense lines 

Argon. . 

13.5 

6.5 

3.22 

5.42 

3.13 


24.5 





Nitrogen . , . 


.5.67 

3.59 

5.66 

4.01 





1 [a = 5.50 

1.60 

Oxygen 

13.5 

6.25 

3.24 

|b = 3.82 

2.58 


23.0 



[c == 3.44 

2.71 


well be regarded as a very satisfactory solution of the problem for the case 
of a monatomic liquid. 

Model tests with steel balls, carried out by Debye and Menke and 
later by other authors, using spheres as well as ellipsoid or rod-shaped 
bodies, have entirely confirmed the above conception. 

Table 68 gives a few relevant data for liquid alkali metals. It is evident 
that the average lattice plane distances computed from the first peak 
increase with the position of the metal in the periodic system, just as 
would be expected from our general knowledge of the atomic radii. 

A few data for argon, nitrogen and oxygen are given in Table 69 from 
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which it is evident that in liquified gases also, the most frequent average 
distances are of the order of magnitude of 3.5 A. Columns 5 and 6 
show network plane distances for lattices of crystallized A, O 2 and N 2 . 
Comparison with the values in the liquid indicates, as is to be expected, 
that the identity periods of the unit cells are always greater than the 
distances of adjacent atoms in the liquid. 

b) The Arrangement of the Molecules in Liquid Water 

After elucidating conditions in liquids on the assumption of exactly 
spherical particles, attempts have been made to treat cases in which 
accurate spherical form and isotropy of the molecular force field are lacking 
but with deviations from the spherical form not very great and the lattice 
of the crystalline phase well known. A particularly important substance, 
whose behavior in the liquid state has long aroused great interest, is water. 


TABLE 70 

Results of X-Ray Scattering in Water 


Author 

di 

di 

dz 

di 

Temp, 
in "C. 

H. H. Meyer 

3.13 

2.11 

1.34 

0.89 

0 

0 

(M 

G. W. Stewart 

3.24 

2.11 

1.13 1 

— 

ca. 20" 


It has been assumed that because of strong dipole effects proceeding 
from the individual molecules, a high degree of association prevails in 
liquid water, so much so that individual molecules in this liquid may 
not be regarded as in any way independent of one another. 

X-ray scattering experiments with water, for which we are indebted 
chiefly to Stewart^^ and Meyer, and whose results are given in Table 70, 
have furnished the basis for an exact treatment of this problem. The 
subject has been pursued recently by Bernal and Fowler^^ in particular, 
who endeavored to design from the structure of ice (see page 134), from 
the x-ray diagram of water mentioned above and from the known data for 
H 2 O molecule, a pattern of the molecular arrangement in liquid water the 
which would represent quantitatively as far as possible all known properties 
of this substance. 

Bernal and Fowler proceeded on the assumption that in ice there 
is a somewhat distorted tetrahedral arrangement of the water molecules 

** G. W. Stewart, Phys, Rev., 37, 9 (1931). 

« H. H. Meyer, Ann. Physik, 6, 701 (1930). 

** J. D. Bernal and R. Fowler, J. Chem. Phya., 1, 515 (1933). 
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and that this prevails in liquid water also 
to a certain extent. Such a structure, of 
co-ordination number 4, is very far re- 
moved from close spherical packing and 
is considerably less compact than this 
(see Fig. 61). In contrast, monatomic 
liquids or liquids in which the particles 
possess spherically symmetri^l fields of 
force — as we have seen in the preceding 
section — are constructed in conformity 
with the principle of close packing. Were 
we to arrange water molecules, having pig gj Tetrahedral arrangement 
the diameter resulting from the known of the H 2 O molecules in ice. 
primary valence distances, in the most 

compact configuration possible, we would obtain a structure with a den- 
sity of about 1.8; i.e. it would be nearly twice as dense as water. 

To test the validity of the tetrahedral arrangement, Bernal and Fowler 
have discussed two groupings particularly, one arrangement being quartz- 
like and the other 




2 sin O 


Fig. 62. Comparison of experimental scattering curve 
for water (circles) with different types of molecular 
packing. 


resembling tridymite. 
The intensity distri- 
bution expected in the 
x-ray diagram was cal- 
culated for both ar- 
rangements by assum- 
ing an appropriate 
scattering of the par- 
ticles and by using 
equation (40). 

Fig. 62 gives the re- 
sults. Curve 1 shows 
the scattering for a 
closely packed water 
in which the molecules 
have a diameter of 
2.76 A. It is evident 
that such an arrange- 
ment is in entire dis- 
agreement with Curve 
2 which represents 



190 


MOLECULAR ARRANGEMENT IN LIQUIDS 


the experimental result. The first peak in liquid water lies consider- 
ably nearer to the point of penetration and corresponds — ^just because 
of the looser arrangement of the molecule — to an average minimum 
distance of 3.24 A, whereas the first steep and high peak for the 
closely packed structure lies further out and would hence correspond 
to a smaller distance of 2.60 A. Close packing is certainly not the 
arrangement here. The curves 3 and 4 of Fig. 62 give the theoretical 
scattering for the two tetrahedral arrangenjpnts and evidently show con- 
siderably more resemblance to the experimental curve. A more accurate 
analysis of the conditions led Bernal and Fowler to the conclusion pre- 
viously mentioned (see p. 134) 



that in water three arrange- 
ments of the molecules are 
present which are continuously 
changing into one another. 

a-water exists preferably 
below 4° and has a tridymite 
type of arrangement, which still 
persists^ to considerable extent 
in the structure of solid ice. 

/3-water is preferred at aver- 
age temperatures up to about 
200® and shows a quartz type 
of structure and 


Fig. 63. Curve 2 = sc.attcring curve deter- approximates to the 

mined experimentally. Curve 1 == mixture close Spherical packing and is 
of tetrahedral structure and close packing, stable at higher temperatures 

up to the critical point (374®). 

These three configuration possibilities do not, of course, pass into 
one another at sharp transition points, as would be expected in the case 
of crystalline phases; rather, they resolve into one another gradually 
with increasing temperature. The fact that the Raman spectrum of water 
undergoes a very considerable modification with temperature is in harmony 
with this view. Moreover, a mixture of quartz-like tetrahedral structure 
and close packing approximates very closely to the scattering curve 
determined experimentally at 20®, as seen in Fig. 63. 

Finally, Bernal and Fowler calculated the heat of sublimation from 
the model sketched above and found a value of 11.6 calories per mol, 
whereas the experimental value is 11.81. The attraction is to b 3 attributed 
essentially to the interaction of the dipoles. 
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From the angular breadth of the water interferences and their depend- 
ence on temperature, and from similar experiments carried out by James^® 
on CCI4, we can deduce in a liquid the average size of the groups which are 
alternating with one another in space and time. Although no quantitative 
results arc yet available in this direction, we are probably not wrong in 
assuming an order of 10 for the number of members in such a regional 
group and a temperature effect such that the groups always become smaller 
at higher temperature. Just because H 2 O is a typical dipole and the 
dipole forces prevail over the "other effects (dispersion, induction) in water, 
double molecules arc formed and not polymerisates; the latter would be 
expected if the induction and dispersion forces were predominant. 

c) Structure of Liquids Containing Elongated Molecules 

Although quantitative mathematical formulations well supported by 
experiment are not so feasible in these more complicated systems, it is 
possible to obtain from numerous experiments at least a qualitative 
working idea of the arrangement in liquids consisting of elliptical molecules. 

The liquid paraffins from Cs to Cib were first examined with the aid of 
x-rays by Sogani^® and Stewart^^ with the result that the most intense 
interference occurred at an angle of diffraction corresponding to an average 
distance of 4.6 A. The most reasonable explanation of this fact is the 
assumption that the long chains of these hydrocarbons arrange themselves 
with their chain axes parallel in consequence of the dispersion forces exerted 
between them and form small groups or clusters which, although constantly 
destroyed by thermal motion, reassociate because they represent arrange- 
ments of minimum potential energy. The chains in these molecular 
clusters stiffen through mutual interaction, so that they assume essentially 
the same zig-zag form which they would possess in the crystal lattice. 
Because of the relatively high mobility of the individual chains in the 
liquid, the cross-section of a paraffin hydrocarbon cjiain is one of rotation 
symmetry similar to that established by Muller in the high temperature 
form of the hydrocarbons in the crystalline state (see p. 169). 

Recently Katzoff^® and C. Pierce^® have examined normal heptane 
with monochromatic radiation over a temperature range of —50 to +80° 

25 R. W. James, Physik. Z., 33, 737 (1932). 

25 C. M. Sogani, Indian J. Phys.^ 2, 97 (1928). 

27 G. W. Stewart, Phys. Rev., 31, 174 (1928); 32, 163 (1928). 

28 S. Katzoff, J. Chem. Phys., 2, 24 (1934); see also D. A. Wilson and E. Ott, /. 
Chem. Phys., 2, 231 (1934). 

22 W. C. Pierce, /. Chem. Phys., 3, 252 (1935); also A. Muller, Nature, 129, 436 
(1932). 
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and subjected the intensity distribution found experimentally to a Fourier 
analysis. Markedly preferred distances of 1.4, 2.5 and 3.8 A were indi- 
cated. They are to be understood as the intra-molecular distances between 
an initial carbon atom and its first, second and third neighbors. Then 
there is a maximum, corresponding to a distance of about 5.2-5. 5 A, 
displaced at higher temperature to 5.75 A. In this we have the average 
distance of individual paraffin chains which are clustered in bundles so 
that their axes display an arrangement of hexagonal symmetry. 

Extensive experiments have been carried out on alcohols by Stewart^® 
and Morrow®^ in which the number of carbon atoms varied from 1 to 11. 
The diagrams show two definite peaks, one in the neighborhood of 4.6 A, 
which appears with equal intensity and sharpness in all the substances 

examined. It is bound up with 
the average separation of the chain 
molecules. The second maximum, 
in contrast, is displaced with in- 
creasing number of carbons (see 
Fig. 64) from 6 to nearly 24 A. 
It is less intense and, according to 
Warren ,^2 comes from the end 
groups of the alcohols, which owing 
to the dipole attraction existing 
between them, arrange themselves 
preferably in definite planes whose 
distances apart increase with length 
of chain; hence, this weak inter- 
ference always moves nearer to the 
point of penetration with increas- 
ing chain length. 

Normal fatty acids have been studied very carefully in the liquid state, 
particularly by Katz,^^ Krishnamurti,^^ Morrow, De Smedt,^® Sogani®^ 
and others. Table 71 shows an experimental series in which the carbon 
atoms vary from 1 to 11; it indicates that, just as among the alcohols. 



0 Z 6 8 10 12 n 16 18„ 20 22 2‘1 26 

Planar distances inM 

Fig. 64. Relation between di and and the 
length of the alcohol molecules. Compare 
also Table 71. 


G. W. Stewart, Phys. Rev., 30, 232 (1927). 

R. M. Morrow, Phys. Rev., 31, 10 (1928). 

82 B. E. Warren, Phys. Rev., 44, 969 (1933). 

88 J. R. Katz, Z. Physik, 45, 97 (1927); 46, 392 (1928). 

84 P. Krishnamurti, Indian J. Phys., 2, 355 (1928); 4, 449 (1930). 
88 R. M. Morrow, Phys. Rev., 31, 10 (1928). 

88 J. de Smedt, Bull. Roy. Soc. Beige, 10, 366 (1924). 

8^ C. M. Sogani, Indian J. Phys., 2, 491 (1928). 
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an internal and feebler interference is observed resulting from interaction 
between the terminal groups. Here again, with increasing chain length 
it is found to move toward the primary ray. The second diffraction ring 
is, on the contrary, independent of the number of carbon atoms of the 
substance investigated; it leads to an average distance of 4.5 A and 
indicates by its sharpness and intensity that these substances in the 
liquid state also possess relatively well defined bundles of parallel chains. 

Other experiments on molecules which depart greatly from the spherical 
form, especially benzene and other aromatic liquids, have not yet found 
quantitative theoretical interpretation. There can, however, be no 
doubt that groups or clusters of elliptical or laminar molecules are formed 
under the influence of inter-molecular forces, which determine the char- 


TABLE 71 

Typical Lattice Plane Distances of a Few Fatty Acids 


Acid 

Number of 
C-Atoms 

di in A 

dt in A 

Formic 

1 

5.2 

3.65 

Acetic 

2 

5.9 

4.17 

Propionic ’ 

3 

6.0 

4.39 

Butyric 

4 

8.5 

4.64 

Valerianic 

5 

10.2 

4.54 

Caproic 

6 

12.8 

4.64 

Ileptoic 

7 

14.5 

4.54 

Caprylic 

8 

17.0 

4.54 

Pelargonic 

9 

18.4 

4.54 

Capric 

10 

20.3 

4.59 

Undecylic. . 

11 

22.0 

4.54 


acter of the interference phenomenon and confirm the view that the in- 
dividual molecules in a liquid are linked with their immediate environment 
by a quite definite state of arrangement. 

The occurrence of smaller or larger groups of molecules is conditioned 
by mere space filling by the elliptical particles and is further promoted 
by forces of attraction prevailing between them. Rehaag and Stuart®® 
have demonstrated very strikingly in a two dimensional model the occur- 
rence of groups of elliptical particles which always appear if the packing 
is suflSciently close that anisotropic space filling can be effected. 

If ellipsoidal brass particles in a flat, glass dish are shaken until there 
is a random arrangement, we obtain for the case in which few particles 

*8 H. Rehaag and H, A. Stuart, Physik, Z., 38, 1027 (1937). 
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are present no preferred orientation of the separate individuals and also 
no formation of groups or clusters. The experiment shows that even if 40 
per cent of the available volume is filled with particles, shaking results 
only in a random arrangement of the ellipsoids. But by the time 57 
per cent of the space is occupied, quite a marked grouping has set in. 
Thus, the state of arrangement alters very rapidly within a small density 
range. In such experiments the cluster formation is due only to pure 
space filling and would certainly be increased by the forces of attraction 
existing in actuality. 

3. Determination of Size and Form of Very Small Crystals with X-Rays 

In the foregoing sections we have discussed the molecular arrange- 
ment in crystals and liquids and can appreciate how greatly the use of 
x-ray diffraction in this field has increased our knowledge; it remains 
now to show that the interference method is capable of a wider apphcation 
which has proved very useful in colloid chemistry and particularly so in 
the domain of high polymers. 

This makes it possible to draw conclusions regarding the size and 
shape of the scattering crystallites from the breadth of the interference 
fringes in angular measure. If we turn our attention, not, as previously, 
to the position and intensity of the diffraction phenomena, but to their 
breadth or lack of sharpness, it is possible to obtain a mathematical 
relation between the angular breadth of an interference fringe and the 
number n of the scattering particles responsible for it. The breadth of the 
interference fringe increases if the number of the interacting network 
planes within the individual particles of the preparation decreases (see 
particularly^®). 

The same phenomenon is observed if the particles possess a preferred 
expansion in a definite direction; in this case few network planes follow one 
another in one direction and the interference fringes appear broadened, 
while the diffraction points of the set of network planes running perpendicu- 
lar to it are of normal sharpness. 

The line broadening begins to be observable at n = 1000 and can 
most easily be examined experimentally in the region between n = 50 
and n = 200. Diffraction can also be obtained, however, even with tiny 
crystals in which only 3 to 5 lattice planes succeed one another in the same 
direction. 

The angular breadth of an interference line, as it appears in powder or 
fiber diagrams, is determined essentially by two factors: by the influence of 

J. T. Randall, Diffraction of X-rays and Electrons, London 1934, p. 28 et seq. 
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the crystallite size and by the thickness of the preparation. Since the 
former can be controlled by the investigator, there remains the problem 
of separating the latter in the most exact way possible. In a formula 
first used by Scherrer,^® the term governed by the rod-thickncss, as a 
magnitude independent of the reflecting angle, is superimposed by a 
term governed by the line-width, which depends upon cos 6/2. This 
method of calculation is then correct for conditions of completely parallel 
light and non-absorbing material. In this case, the preparation, regarded 
as a cylindrical rod, is represented as in Fig. 65 with the same breadth at 
all angles. If, however, we have parallel light and an absorbing substance. 
Fig. 66 shows that, because of absorption, the rod always appears to be 
broader at greater angles; this influence may be well understood mathe- 
matically and it has been tested experimentally by an investigation of 
Brill and Pelzer.^^ 



Fig. 65. Cylindrical rod ; Fig. 66. Cylindrical rod ; Fig. 67. Cylindrical rod ; 

parallel light; non- parallel light; strongly divergent light; non- 
absorbing substance. absorbing substance. absorbing substance. 

If we work with divergent light and a non-absorbing substance, as 
represented in Fig. 67, Bragg^s reflection law requires that the rod appear 
broader at small angles of deviation than at larger, so that the breadth of 
line, which increases with increasing angle because of interference, counter- 
acts the influence of decreasing breadth of rod. For this case, formulas 
developed by M. v. Laue^^ are valid and of greater generality than the 
Scherrer formula mentioned above. Having regard to all these conditions, 
we are able to obtain fairly reliable data regarding the size and, under some 
conditions, the form as well, of the crystallites from the half-values of the 

P. Scherrer, Nachr. Ges. Wiss. Gottingen^ 1918, p. 98; see also R. Zsigmondy, 
Kolloidchemie, 5th ed., Dresden 1925; article by P. Scherrer. 

« R. Brill and H. Pelzer, Z. KrisL, 72, 398 (1929); 74, 147 (1930). 

^2M. V. Laue, Z. Krist., 64, 115 (1926). 
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X-ray fringe widths, particularly when numerous reflections have been 
measured. In order to evaluate the accuracy of such data, it is well to 
bear in mind the assumptions under which the formulas cited have been 
derived, remembering that the results obtained are invalid otherwise 
(see Halla-Mark^3). 

We will summarize them briefly and discuss them. 

(1) crystallites only of a uniform size are involved; 

(2) all particles have exactly the same identity periods; 

(3) the lattice is perfect in every individual particle; there are no lattice 
distortions or defects; 

(4) the thermal motion of the atoms causes no measurable broadening 
of the lines. 

By comparing the half- value breadths in x-ray exposures at normal 
temperature and at the temperature of liquid air, it can readily be estab- 
lished that the influence of temperature is generally negligible. This 
accords with the requirement of the Debye-Waller theory^^ which, to a first 
approximation, provides only for a decrease in interference intensity and 
not for an increase of the half-value breadth. 

On the other hand, it is important to discuss the influence arising 
from points 1, 2 and 3. 

Actually, we never meet with exactly uniform particle size, and must 
always take into consideration a certain distribution curve. A. L. Patter- 
son^*^ and J. Hengstenberg^® have done this for a Maxwell and Gauss 
distribution curve respectively and found that the deviation of particle 
size calculated from the Laue formula from the average size given by the 
distribution curve amounts to about 50%. It is evident, therefore, that 
condition (1) holds only to the extent that the particle size determination 
can be expressed only in terms of order of magnitude, i.e. we can decide 
whether a particle has an edge-length of 100 or 500 A but not whether 
it is 100 or 150 A. 

The case is less clear for the other two conditions. There is, as yet, no 
satisfactory means of separating the broadening of the interference lines 
due to particle size from the broadening due to lattice defects or to differ- 
ence in lattice constants. The case in which the lattice itself is perfect 
in the individual crystallites but the different particles possess different 
translation periods has been met with in heterogeneous crystal mixtures 

See F. Halla and H. Mark, R6ntgenographische Untersuchung von Kristallen. 
Leipzig 1937, p. 317. 

P. Debye, Ann, Physiky 49, 1 (1914); J. Waller, Z. Physikj 17, 398 (1923). 

A. L. Patterson, Z. Krist., 66, 637 (1928). 

J. Hengstenberg, Z. Krist. y 69, 271 (1928). 
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of metals and need scarcely be considered here; but lattice distortion must 
be given special notice. 

Quantitative determination of lattice defects in high polymeric sub- 
stances is not feasible with the technique at present available, but it is 
possible to arrive at an estimate by taking intensity measurements of the 
radiation due to interference and the diffuse scattered radiation. Every 
atom displaced from its equilibrium position by lattice distortion intensifies 
the diffuse radiation and weakens the interference component accumulated 
in certain directions. In order to obtain an idea of the extent of lattice 
defects in natural cellulose which has been untreated as far as possible, 
Hengstenberg measured the breadths of the equatorial interferences and 
the diatropic reflections from very carefully degummed ramie fibers and 
estimated simultaneously the monochromatic radiation scattered at the 
equator and the perpendicular bisector line of the diagram. This scattered 
radiation lying between the interference lines is quite small and in the 
planes parallel to the fiber axis is not greater than in the diatropic. The 
measured half-value breadths of the latter planes show the absence Of any 
considerable lattice defects in them, otherwise a greater breadth would 
have been found. Since the diffuse radiation at the equator is not much 
greater than that on the vertical median line of the diagram, the inference 
is that in these natural materials also, lattice defects perpendicular to the 
fiber axis cannot essentially falsify the results of the determination. Con- 
ditions are very different in preparations which have been strongly treated 
chemically or mechanically; in this case lattice defects are of undoubted 
influence, as will be discussed later. It can be said, that the tenacity of 
rayon is closely connected with the degree of order which can be attained 
during the coagulation process and there will be much information given 
about this point in the second volume. 

R. Brill has carried out a series of experiments which indicate very 
clearly the influence of particle size on the sharpness of the Debye-Scherrer 
lines for iron powder. There is quite a powerful effect, the evaluation of 
which would be very profitable. Scherrer has already established in the 
work previously mentioned that the particle sizes of colloidal gold calcu- 
lated by the use of his formula agree very satisfactorily with those obtained 
by the Zsigmondy method of direct counting. Later, Brill compared the 
different relations available for the computation with one another and 
obtained the data contained in Table 72. This includes a comparison of 
the relation originally given by Scherrer with the Laue formula modified 
by Brill and Pelzer. Various preparations of very fine-grained iron, which 
are of importance in the technique of catalysis in the ammonia process, 
served as material. 
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The results are divergent but are of the same order of magnitude. 

Table 73 gives similar data for particle size determinations in gold sols 
and again indicates that the various theoretical equations for interfer- 
ence give values which agree in order of magnitude. The last line in 
this table giving particle sizes of the same sols determined by Rinde^^ with 
the ultracentrifuge is of special interest. The data are in general higher 
than the x-ray data, a fact that should not cause surprise and has to be 


TABLE 72 

Particle Size op Various Iron Preparations 


Particle size in k 


Preparation 


1. Fe from Fe208 


After Scherrer 


230 


After heating to 1000° for 10 hours 

2. Fe from Carbonyl 

Fe from Carbonyl 

Fe from Carbonyl . . . . 

Fe from Carbonyl. . . 

3. Electrolytic iron 


420 



60 

100 

120 


230 


After Brill, Pelzer 
and Laue 


f200 
1210 
f 00 
\iooo 

100 

90 

110 

100 

/230 

1210 


TABLE 73 

Particle Sizes of Various Gold Sols in A 



1 

2 

3 

4 

5 

After Scherrer 

. — 

— 

47 

62 

81 

After Laue 

32 

38.5 

52 

65 

87 

After Brill, Cu-radiation 

— 

— 

47 

58 

82 

After Brill, Fe-radiation 

30.5 

42 


— 

— 

With the ultra centrifuge 

40 

61 

100 

149 

225 


expected in all similar comparisons; it should be remembered that the 
x-ray method indicates those lattice regions within which coherent scatter- 
ing of the x-rays occurs, owing to the arrangement prevailing in them. 
In contrast, the other methods — osmotic pressure, rate of diffusion, etc. — 
record the structures regarded kinetically as free in the solution, which 
certainly cannot be smaller than the former and may indeed be greater, 

A. Rinde, Dissertation. Upsala 1928. 
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because different circiunstances may lead to the aggregation of primary 
crystals into secondary particles. 

In any case, the experiments on inorganic small crystallites described 
here, to which may be added other works giving the same main result, 
show that the interferometric determination of size affords essentially 
accurate results. There has, therefore, been no hesitation in applying 
these methods to the determination, or at least, to the estimation, of the 
size and form of micellar dimensions in natural high polymers and in 
preparations recovered from solution. 

Having regard to all previously mentioned experimental precautions, 
Hengstenberg some time ago calculated the data given in Table 74 for 
natural ramie fibers. They may not be exact individually but they cer- 
tainly indicate the right order of magnitude and agree satisfactorily with 
earlier estimations of R. 0. Herzog. 


TABLE 74 

Micelle Dimensions in Cellulose 


Diameter of preparation 

hkl 

Dimension in A 

0.75 mm. 

101 

56 

0.75 mm. 

002 

56 

0.75 mm. 

004 

53 

1.0 mm. 

002 

59 

0.4 mm. 

002 

57 


More recently the question of the presence of closed lattice-like regions 
in natural and artificial high polymeric substances has assumed greater 
proportions. Since x-ray methods play an important part in deciding 
this problem, and the result is of general significance, it seems justifiable 
to treat in more detail the questions of distance, size and lattice arrange- 
ment in natural high polymers in connection with the structure of crystals, 
liquids and interferometer measurements of minute crystallites.^® 

4. Observations on Mesophases or Crystalline Liquids 

Having described our present knowledge of molecular arrangement in 
liquids, we shall now discuss a few data on so-called liquid crystals or 
mesophases. The existence of such systems was discovered by 0. Leh- 

G. L. Clark, G. J. Ritter and W. A. Sisson, Ind. Eng. Chent.^ 22 , 481 (1930); 
W. K. Farr and W. A. Sisson, Contrib. Boyce Thompson Inst., 6, 315, (1934) ; W. A, 
Sisson, Contrib. Boyce Thompson Inst., 8, 389 (1937) ; G. L. Clark and E. A. Parker, 
J. Phys. Chem., 41, 777 (1937); Cf. also H. Mark, J. Phys. Chem., 44, 764 (1939). 
P. H. Hermans has recently made very interesting contributions to this subject; 
a paper is expected to appear soon. Compare also Naturwisa.y 28, 233 (1940). 
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mann^® in the year 1889; their properties have been thoroughly investigated 
for some years by numerous workers, notably by R. Schenck,®^ D. Vor- 
lander,®^ G. and E. Friedel,^^ and different views have been expressed on 
the nature of the liquid crystalline state mainly in connection with the 
optical polarization experiments. In recent years a detailed discussion, 
instigated by P. P. Ewald, has been published on this subject in a special 
volume of the Zeitschrift fiir Kristallographiey^^ which should be consulted 
for greater detail. 

It is possible here only to give a few fundamental data on the nature of 
the observed phenomena, on their probable causes and on the arrangement 
of the molecules in the mesophases that can be deduced from them. 

a) Experimental Results in the Investigation of Mesophases 

There are numerous organic chemical substances which show remarkable 
anomalies on melting. It is particularly striking that the solid crystals of 
these substances give first a cloudy melt, which displays optical anisotropy 
with polarized light and clears only on further heating to a quite definite 
temperature of transition. We have, accordingly, two liquid phases in 
which obviously different cluster formations of the molecules occur and 
behave as enantiomorphs of one another, similar to those known for a 
long time in crystals. 

The two liquid phases — the liquid amorphous and the liquid crystalline 
(occasionally several liquid crystalline phases have been observed) — differ 
from each other in many respects. While the amorphous is optically 
isotropic, the crystalline liquid systems always exhibit the behavior of 
crystals with several optical axes and are also frequently highly pleochroitic 
(Mauguin, Zocher, Grandjean). 

There are numerous experiments on viscosity. Table 75 is taken from 
R. Schenck and the data indicate that the crystalline liquids can be con- 
siderably more viscous than the corresponding amorphous phases of the 
same chemical composition, but that the reverse is sometimes observed also. 

The dielectric properties have been studied, especially by W. Kast,®^ 
who was able to show that the dielectric constant of these substances 
changes abruptly at the transition points. Fig. 68 shows this effect in 
the case of the diethyl ester of ethoxybenzal amino-a-methylcinnamic acid. 

O. Schumann cf. the different references in the Vol. 79 of the Z. Krist. 

R. Schenck, Z, Krist., 79, 269 (1931). 

D. Vorlander, Z. Krist., 79, 61 (1931). 

M G. and E. Friedel, Z. Krist., 79, 1 (1931). 

P. P. Ewald, Sonderband ^^Fluessige Kristalle,” Z. Krist., 79, 299 (1931). 

W. East, Z. Krist., 79, 315 (1931). 
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Magnetic susceptibility changes abruptly at the transition points, 
according to Foex and Roger Fig, 69 gives an idea of this. Of special 
importance is the fact that, owing to the size of the clusters in the meso- 
phases, it is possible to obtain practically complete arrangement by quite 
weak magnetic fields. The orientation powers of a magnetic field can in 
thi^ case be determined very well by measuring the dielectric constant. 
Fig. 70 shows that with increasing field strength the dielectric constant of 
crystalline liquid p-azoxyphenetol first decreases proportionally and then 



Fig. 68. Change of dielectric constant at the transition points of a crystalline liquid. 

TABLE 75 


Viscosities of a Few Crystalline Liquids 


Substance 

1st 

melting 
point in 
degrees 
Centi- 
grade 

2nd 

melting 
point in 
degrees 
Centi- 
grade 

Existence 
range 
(differ- 
ence) in 
degrees 
Centi- 
grade 

Viscosity 

crystal- 

line 

liquid 

(Water » 100) 

amorphous 

liquid 

p-Azoxycinnamicethyl ester 

249 

141 

108 

>900 

Decomposed 

Cholesterolbenzoate 

178.5 

145.5 

33 

890-620 

420-218 

p-Azoxybenzoethyl ester 

120 

114 

6 

860-470 

350-270 

p-Azoxyanisole 

134 

116 

18 

141-128 

175-135 

p-Methoxycinnamic acid .... 

186 1 

170 

16 

106-91 

159-117 

p-Azoxyphenetole. 

168 

137 

31 

79-66 

95-75 


approaches a saturation value. Other physical properties, such as conduc- 
tivity and opacity vary in the same way. 

The x-ray diffraction phenomena in crystalline liquids are particularly 
clear and informative. The investigations of W. Kast and P. W. Gla- 
mann,^® of K. Hermann and A. H. Krummacher®^ and of P. A. Thiessen 
and his co-workers should be mentioned especially here. 

w See e.g. G. Foex, Z. Krist,, 79 , 289 (1931). 

W. Kast and P. W. Glamann, see 1. c. page 210. 

K. Hermann and A. H. Krummacher, Z, Krist., 74 , 73 (1930). 
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The principal * experimental result consists of the fact that in liquid 
crystals the blurred interference rings of which we have learned in the 
discussion of normal liquids split up in the magnetic field into a pair of 
crescents, whereas in the amorphous phase the influence of the magnetic 
field is inappreciable. Diagrams, which show this effect on exposure of 
the allyl ester of phenetol azoxybenzoic acid in the magnetic field have 
been taken by Hermann and Krummacher with Cu radiation; a very 
definite accumulation of the interference intensity in the region of the 
equator is evident. 




Fig. 69. Change of magnetic suscep- Fig. 70. Influence of the magnetic 

tibility at the transition points. field strength on dielectric constant. 

h) The Molecular Arrangement in the Mesophases 

The experimental results mentioned, above all, the optical and x-ray 
results, demonstrate that the crystalline liquid state is characterized by 
the fact that there is considerable arrangement of the individual particles 
intermediate between that prevailing in a crystal and that occurring 
in a liquid. 

Generally speaking, every lattice unit in a crystal lattice is permanently 
fixed at a given equilibrium position and executes about it more or less 
high frequency vibrations according to the temperature and lattice forces; 
it is the mean positions of these vibrations which are fixed, forming a rigid 
point lattice in space. It has been shown that, in the long chain aliphatic 
compounds the more or less free motions of large lattice units may be 
possible in addition to vibrations about the equilibrium position without 
apparent disturbance of the crystalline state by the movement of the 
lattice linkage. In these crystals we have a system in which, it is true 
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the mean centers of gravity of the individual cells are fixed but in which 
free rotation about a given axis is possible. 

Liquid crystals appear to constitute a further step in the orientation 
of liquids. Although we are unable today to systematize finally the 
existing experimental material and the somewhat contradictory views of 
the authors working in this field, there appear to be two definite arrange- 
ments of particularly frequent occurrence, named by G. Friedel: the 
smectic and the nematic state. 

Smectic substances are crystalline-liquid substances in which elongated 
filament or ribbon-like molecules are arranged in such positions that both 
ends lie preferably in given planes. Fig. 71 will show a diagrammatic 
representation of this type of arrangement. Apart, however, from this 
grouping of the individual particles, they are free to move to a large extent; 
they can rotate around their axes, and 
be displaced in such a way that the axes 
remain parallel and the number of the 
chains comprised in a bundle, as shown 
in Fig. 71, can vary; molecules from 
one set can pass over to another, etc. 

The only thing fixed is the preference 
of certain planes which must be sepa- 
rated from one another by a distance 
characteristic for the substance con- 
sidered. M. de Broglie and E. FriedeP® 
were able to detect interferences in the 
sodium, potassium and ammonium salts 
of oleic acid, which, owing to the considerable length of the molecules, were 
observable as very narrow rings in the inunediate vicinity of the point of 
penetration. From the angle of diffraction, the preferred inter-planar 
distance in the preparation examined was given as about 43.5 A; in ethyl 
azoxybenzoate E. Friedel found an interplanar distance of some 20 A. 
Both are in very good agreement with the length of these molecules, 
if we assume the formation of double molecules, which seems a very plausible 
assumption on the basis of the information given in chapter D, p. 139. 

We may now go one step further in the direction of entirely free mobility 
of the molecular centers of gravity and assume that the preferred arrange- 
ment of the ends of the molecule in definite planes no longer holds but 
that the parallel chain arrangement is preserved. In this way we arrive 



Fig. 71. Diagrammatic representa- 
tion of the smectic state. 


Cf. the article of G. and E. Friedel in Z, Krist.^ 79, 184-199 (1931). 
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at an arrangement represented diagrammatically in Fig. 72; the rod or 
ribbon-shaped molecules can rotate about their long axes, their center of 
gravity is displaceable in all three directions in space with merely the 
parallel orientation preserved. Liquids which are found in this state of 
arrangement are termed nematic in FriedePs nomenclature; as diffracting 
structures they exhibit a spatial line lattice, in which the individual lines, 
that is, the extended molecules, still show a scattering, dependent on 
temperature, with regard to their mutual distances. 

C. Hermann,®® in a detailed investigation of the symmetry groups of 
amorphous and mesomorphous phases, has devised a systematic treatment 
of all possible crystalline liquids equivalent to the point lattice concept of 
crystals and has shown that there are a great many different possibilities 
for the appearance of the mesophases which behave characteristically in 
respect to x-ray properties and behavior in polarized light. Everything 
in nature seems to display essentially the two orientation possibilities 
named above. 


Fig. 72. Diagrammatic representation of the nematic state. 

If we confine ourselves to these, we can visualize the transition from 
solid crystal to amorphous liquid in the following way. 

1 . Three-dimensional crystal : the centers of gravity of the units are fixed 
(apart from vibration); rotations are not possible. Examples: hexa- 
methylene tetraminc, urea. 

2. Crystal with rotating molecules:®® the centers of gravity of the units 
are fixed; rotation about one or more axes is possible. Examples: 
NH4CI, sodium stearate at higher temperatures. 

3. Smectic state: the centers of gravity of the units are mobile in one 
direction; rotation about one axis is permitted. Examples: sodium 
oleate, allyl ester of phenetolazoxybenzoic acid at 72°. 

4. Nematic state: the centers of gravity of the units are mobile in two 
spatial directions; rotation about one axis is permitted. Example: 
allyl ester of phenetolazoxybenzoic acid at 88°. 

5. Amorphous liquids: the centers of gravity of the units are mobile in 
three directions in space: rotation about three axes perpendicular to 
one another is possible. Example CCI4, Hg. 

C. Hermann, Z. Krist., 79, 337 (1931). 

W. O. Baker and C. P. Smyth, /. Am. Chem. Soc.^ 61 , 2798 (1939). 
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For an informative experiment on the transition from the smectic to 
the nematic state we are indebted to Hermann and Kupfermacher, who 
have taken x-ray diagrams of the allyl ester of phenetolazoxybenzoic 
acid at different temperatures by the use of an orientating magnetic field. 
Two rings were observed; one in the vicinity of the point of penetration, 
which is characteristic for the smectic phase (see p. 203), and one at a 
somewhat greater angle of diffraction which occurs in both phases and 
shows great intensity; it is related to the thickness of the rod or ribbon- 
shaped molecules. Table 76 shows the results of x-ray examination of 
the amorphous, smectic and nematic phase of the substance over a temper- 
ature range of 72° to 100°. It is evident that the diameter a of the outer 
ring is in all cases approximately the same and — evaluated according to 
Bragg^s reflection law — gives a distance apart of the molecular axes in 
the region of 4.6 to 5.0 A, which is in excellent agreement with other 
knowledge regarding the dimensions of such molecules. 

TABLE 76 


Ali.yl Ksteu of Phenetolazoxybenzoic Acid, CuKa 


State of the substance 

a 

t?/2 

da Bragg 

100° lujuid 11 . m. 

32 

00 

o 

-a 

' ! 
i 

5.0 A 

88° nemat. n. m. 

34 

9° 18' 

4.8 

79.5° nemat. w. m. 

34 

9° 18' 

4.8 

75.5° smeo. w. m. 

35 

9° 33' 

4.6 

72° smec. w. m.. 

35 

9° 33' 

4.6 


n. m. = no magnetic! field, w. in. — with magnotic field. 


The question of the properties which a molecule must possess to give 
rise to the phenomenon of liquid crystals is of great interest. In the first 
place, we have the extensive experimental material collected and sorted 
by I). Vorliiiider in systematic researches over a number of years. He 
summarized his results by stating that the tendency to the formation of 
mesophases has a geometrical as well as an energy basis. 

The spatial effects may be summarized .by saying that the molecules 
shall be extended and rectilinear as far as possible, and a ribbon shape 
apparently has the advantage over a cylindrical one for this purpose. 
Internal free rotation is undesirable; stationary or nearly stationary par- 
ticles are the most suitable. Zig-zagging within the chains and special 
branching at the ends or in the middle are at once apparent in connection 
with the formation of crystalline liquid phases. Table 77 from Vorlander 
is cited as an example and it shows very clearly the influence of a chain 
inserted between two larger identical molecular components. 
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To some extent there has been thorough empirical investigation of the 
strong influence which certain structural units — double bonds, triple 
bonds, etc. — exert upon the nature of crystalline liquids, thus allowing 
certain conclusions to be drawn as to the structure of the molecules 
forming the mesophases from the appearance of these phases. 

From the energy standpoint the simultaneous existence of strong dipoles 
and easily polarizable groups appears to be essential. Further, it is 
advantageous if the dipole is found on the molecular axis and forms a 
right angle with it. Easily rotated or otherwise mobile polar groups at 
the ends of the molecule are of subordinate importance. 


TABLE 77 


c. 

V 

c. .i 

s. 

c. 

Ce 

c. 

>CH 2 

>CH^ 

ycm 



Ce 

CH 2 

CH2 

CH2 

CH2 



\cH2 





Ce 

CH2 

CH2 




^Ce 

\cH2 





Ce 


highly 


average highly 

barely 

non-crystalline 

crystalline 

non-crystalline 

crystalline 

crystalline 

liquid 

liquid 

liquid 

liquid 

liquid 


If we compare these conditions, determined purely empirically, for the 
preferred appearance of mesophases with the discussions of p. 98, we 
obtain the impression that the aggregation of numerous particles over 
large regions is caused by the attraction of a dipole rigidly fixed on the 
molecular axis for the readily polarizable parts of another molecule; 
further, that the dipole of the second attracts a third molecule and so on 
until a structure results which can be compared to a large number of laths 
piled on one another, or, in the presence of particles having rotational 
symmetry, to a bundle of pencils. The arrangement and mobility of the 
molecules individually depends in a very sensitive way on their form, on 
the magnitude of the forces acting between them and on the extent of 
thermal motion. 



F. THE BEHAVIOR OF MIXTURES 

1. General Remarks on the Investigation of High Pol 3 maeric Substances 

in Solution 

The investigation of natural and synthetic high polymeric substances 
is carried out essentially on two states of these materials. We study them 
either as they occur in the plant and animal kingdoms as substances of 
definite form, or as amorphous, resinous or vitreous masses such as result 
from polymerization reactions. The results of these investigations contrib- 
ute no evidence, however, for behavior of the isolated elementary units 
of these substances but merely indicate their properties in the aggregate. 

If we desire direct information on the behavior of individual macro- 
molecules, we must disperse the substance under examination in a solvent 
and consider the properties of the high polymeric substance in solution. 
The properties of these solutions are so astonishing that they have excited 
the active interest of research both from the scientific and the technical 
aspects. The remarkable osmotic phenomena, the phenomena of diffusion 
and sedimentation, the high viscosity of solutions of high polymers, their 
ability to yield filaments and films of most diverse properties, their elastic 
character and their great sensitivity towards mechanical and thermal 
influences, all are qualitative effects well known and much studied in 
science and practice and which seem to be typical of the high polymers 
in the state of fine dispersion. The present status of this field of work is 
that there exists a great deal of qualitative information, which is not 
amenable to strict interpretation because the substances investigated 
have not been characterized with sufficient exactness and because the 
experimental methods have not been rigorously standardized. 

The most important question in the further development of this line 
of research appears, therefore, to be: In the present state of our knowledge 
regarding these substances and the experimental methods available, what 
prospect exists beyond the qualitative treatment hitherto practised suc- 
cessfully, of arriving at satisfactory quantitative laws which will serve not 
only to express clearly the particular phenomena involved but also to 
correlate particularly those data which describe the state of the dispersed 
high polymeric substances? These include the dimensions, or, at least, 
the average dimensions, of the particles which are free to move in solution, 
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their form, the extent of the solvent volume affected by these particles, 
their free motion, the mutual forces between the dispersed particles, etc. 

At the outset, we must assume that great difficulties will arise in attempt- 
ing to discover quantitative relations in this field, for systems are involved 
which are marked by strong interaction between solvent and solute and 
between the dissolved (dispersed) particles among themselves, and we 
know invariably that if the mutual force effect of elementary particles 
has to be taken into account in addition to the purely statistical consider- 
ation, the possibility of theoretical expression of the conditions very soon 
reaches a limit. Similarly, the derivation of an exact, generally valid 
equation of state for real gases is highly difficult because we cannot repre- 
sent mathematically the strong interaction between the molecules in this 
state; the establishment of an adsorption isotherm for very thick coatings 
has not been possible with the desired degree of accuracy for the same 
reason, and the absence of a theory embracing the energy relationships of 
liquids is to be ascribed to the same difficulty. 

We must acknowledge from the first that it will be possible to deduce 
only laws which have a limited range of validity. In extrapolating beyond 
the validity limits, we must exercise great caution and must refrain from 
applying rules obtained for cellulose to rubber or to the proteins. 

However, we may adopt the attitude that the study of high polymeric 
substances in the dissolved or dispersed state has contributed much of 
great value about the properties of these substances and that it will be 
possible in future to apply all the previously mentioned effects — osmotic 
pressure, diffusion, viscosity and elasticity — to the extension of our knowl- 
edge of these substances, which are equally of technical and of scientific 
interest. 

In the course of work on the high polymers over the last twenty years, 
two fundamental opinions have developed regarding how best to describe 
the physical features of this class of substances and how to fit them into 
the scope of other chemico-physical knowledge. 

One group of research workers expresses the view that the high polymers 
with all their peculiarities will be comprehensive only if we can discover 
forces and forms characteristic of these substances alone. Behind the 
behavior of the high polymers stands some secret which must be learned 
if we are to obtain a satisfactory, consistent and simple picture of these 
substances and their reactions. Research in this field must, therefore, 
be directed, in the first place, to the discovery of this fundamentally new 
knowledge; the application of previously known laws or force effects would 
offer but little prospect of success but would be a radically wrong method 
of elucidating the conditions. 
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On the other hand, other workers in the field hold the opinion that we 
must derive the properties and the behavior of the high polymers in a 
consistent manner from the physics and chemistry of the simpler sub- 
stances. There are no new previously unknown force effects or forms to 
be discovered, but we must push knowledge of the low molecular substances 
sufficiently far in the quantitative direction and apply the results of these 
researches consistently; in this way the high polymers will be open to an 
increasing degree to a clear and definite description. 

Every advance won by applying exact physical methods to the field 
of atomic and molecular structure should be made use of immediately in 
considering the high polymers. The distance rules for primar}^ and second- 
ary valences, the free rotatory power, the dipole properties of molecules, 
their natural vibrations and their optical behavior, all this is to be drawn 
on to the last detail in the discussion of high polymers. The experimental 
methods and also the quantitative results obtained with low molecular sub- 
stances should be applied to the high polymers. 

The secret of these substances and their definite differences in behavior 
from other substances are not connected with unknown force effects yet 
to be discovered, but merely with the fact that the known interactions 
between the atoms and molecules are so complicated, owing to the great 
accumulation of individual particles, that the impression of new kinds of 
forces results. It is, therefore, valid to apply the primary valences in their 
different forms as homopolar, heteropolar or metallic atom linkage and 
the secondary valences — as dipole, induction and dispersion forces — con- 
sistently to the sphere of large molecules and to formulate the question 
of how new types of hitherto unknown total effects can be produced by 
the integration of individual effects. It is not a question of seeking new 
interactions but of studying how such effects can be produced by the 
combination of the different types of forces investigated in low molecular 
substances. 

It looks as if development in recent years would confirm the accuracy 
of the second viewpoint and, accordingly, special value has been attached 
to it in the present treatise. This first introductory volume is devoted 
to the task of summarizing briefly and, if possible, clearly all the funda- 
mental knowledge of the physical chemistry of material structure which 
appears necessary to a comprehensive treatment of the high polymers. 

In the present sections on the behavior of mixtures, the solutions will 
occupy the foremost place of interest, because in discussing high polymers, 
investigations of the different properties of their solutions — osmotic pres- 
sure, viscosity, diffusion-, etc. — are of principal interest. 

It is quite sufficient in the application, for example, of the osmotic laws 
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to molecular weight determination of ordinary well crystallized organic 
substances, for the experimentalist working in this field merely to insert 
the values he obtains for the lowering of vapor pressure, the osmotic 
pressure, the rise in boiling point or the lowering of the freezing point, in 
the relevant equation and calculate the desired molecular weight from it. 
For, generally, in the low molecular domain, the range of validity of these 
physico-chemical relations — Raoult’s Law, Van ^t HofFs Law, etc. — is 
very large and large deviations or other difficulties are scarcely to be feared. 
The relations indicated in essentials by the principles of thermodynamics 
and from the equation of state for perfect gases or dilute solutions can be 
applied more or less mechanically without much risk. 

In the high polymers, however, this is by no means the case. Here it 
is much more essential to test carefully every relation borrowed from the 
physical chemistry of ordinary substances for its validity. The signifi- 
cance of such relations must be fully understood and it is certainly no 
accident that, with regard to the nature of osmotic pressure, very instruc- 
tive and extended discussion has taken place in the last few years, bearing 
particularly on the problems of the high polymers. The same is true of 
viscosity, diffusion and sedimentation. 

Accordingly, it seems convenient to utilize the present section on the 
behavior of liquids mainly for the elucidation of fundamental problems 
and to discuss the applicability of the results to the high polymers. Space 
will also be found for a description of the appropriate methods, emphasizing 
that, although the techniques borrowed from the low molecular region are 
frequently applicable in the form ordinarily used there, they may require 
very considerable improvement and refinement. This may be due to the 
smallness of the effect or to its high sensitivity to temperature variations 
or to other external influences. 

To sum up, we may say that appUcation to high polymers of proved 
experimental and theoretical methods used in the region of low molecular 
substances can be successful only if the greatest possible degree of accuracy 
is employed in carrying out the experiments and every kind of fundamental 
relation involved is taken into consideration in the theoretical interpre- 
tation. 

2. Remarks on Processes in the Formation of Binary Mixtures 

Before discussing the separate effects which are helpful in the investi- 
gation of dispersed high polymeric substances, we may advance a few 
general remarks on the theory of binary mixtures along the lines of the 
above information. Opportunity will be taken to derive and discuss 
fundamental relations to which we shall refer again later. 
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There are three possible methods of consideration for the evaluation 
of the experimental data obtained for such systems: the thermodynamic, 
the kinetic and the statistical. 

The first proceeds from direct observations and from a few fundamental 
laws — the three principal laws supported by general experience — and uses 
mathematical technique to derive from them additional laws whose conse- 
quences are compared with those of experiment. The method combines 
the advantage of infallibility with the disadvantage that the procedures 
cannot be materialized through models. 

The kinetic method is based on a specific molecular model for each 
special case; it attempts to follow the individual fates of the separate 
particles, to interpret their movements theoretically and to deduce, by 
suitable averaging or summation, the behavior of the directly observable 
macroscopic system. This method of consideration is demonstrable, it 
tracks events to their conclusions, but it frequently introduces great 
mathematical difficulties and depends for success entirely upon the proper 
and fortunate choice of the model on which the calculation is based. 

The statistical method, which was developed last, seeks to combine 
the certainty of the first method of consideration with the observational 
character of the second. For this purpose, it is usual to rely on certain 
generally valid laws which, in contrast to the thermodynamic method, 
however, relate to the molecular form and to avoid in this way the some- 
what difficult and risky choice of a definite model, at the same time making 
use of general accepted principles and rules for its construction. These 
principles are applied to the physical state in each special case and we 
arrive by summation, integration or averaging at relations between magni- 
tudes observable macroscopically. Accurately applied, this method may 
combine the advantages of the first two; occasionally, of course, it has the 
disadvantages of both. 

With perfect execution all three methods should lead to inherently the 
same result, although they would naturally express it in different ways and 
should describe the same phenomena from different aspects. It is accord- 
ingly advisable in important cases to use all three methods concurrently 
and to compare the results before presenting the facts. Only when this 
comparison gives a conclusive and harmonic picture of the conditions, can 
we be certain that the elucidation has actually been pursued to the limits 
of possibility. 

We shall now apply all three methods of consideration to the mixing 
of two substances, with special reference to gas pressure, lowering of vapor 
pressure and osmotic pressure. 
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a) Mixing of Two Gases 

First let us consider mixing in two gases A and B which are under the 
same pressure. We imagine the two gases introduced into a constant 
volume V at constant temperature T, at first separated by a partition and 
occupying the partial volumes Vi and We then remove the wall 
between them and observe what happens. 

We find: 

1. There are practically no thermal effects produced; heat is neither 
evolved nor absorbed; the heat capacity of the system therefore re- 
mains constant; there is no change in pressure. 

2. The gases mix automatically. 

These are experimental facts. To invest them with thermodynamic 
formulas, we rely on the second law and on the definition of free energy 
or capacity of the system to perform work. At constant external pressure 
the following holds : 


F = ~ TS. 

where F ~ free energy at constant pressure, H = heat content, S = entropy. 

Since mixing takes place automatically, the free energy must have de- 
creased. Its change is given by 

AF = Fa - Fb - (Ha - Hb) - T(Sa - S b) (41) 

The indices b and a may indicate that the magnitudes to which they 
are annexed relate to the state of the system before and after mixing. 

Since we have proved that no change in the heat content has occurred, 
AH equals zero, so that the whole decrease of the free energy AF must 
have been occasioned by a corresponding increase of the entropy AS. We 
can therefore read equation (41) thus: on admixture, the system^s capacity 
for performing work decreases and its entropy correspondingly increases. 

It is not, therefore, molecular forces of attraction which induce the two 
species of molecules to mix but, in the case of perfect gases, only the increase 
in entropy, or, what is the same thing, the decrease of free energy F. 

From equation (41) it is evident, of course, that the conditions may be 
very much more complicated if, for example, we do not work at constant 
pressure, or if, as may be the case in real gases, the internal energy of the 
system changes during the mixing. The particularly simple conditions 
chosen are, however, practically fulfilled in many cases by real gases; they 
correspond to the behavior of ideal gases or ideal gas mixtures. 

To determine the entropy gain on mixing, the so-called entropy of 
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mixing, we have to make use of the equation of state of the ideal gas and 
of the second law, thus arriving at the expression 

AS = Sa — Sb — —k{ni In Ni + 712 In N 2 ) (42) 

— — — — = jnol fraction of component one; 

ni + 712 
712 

~ jijqI fraction of component two; 

Til + 712 

k = Boltzmann constant, ni and 712 are the number of mols of the two con- 
stituents respectively 

the exact derivation of which is to be found in all text books.^ 

So much for the thermodynamic method of consideration; we shall 
now turn to the kinetic method. 

In this case we do not rely on facts observed directly but begin by 
designing on the basis of reasonable assumptions a model of the perfect gas; 
on the proper choice of this model depends the success of the whole under- 
taking. We assume that both the gases enclosed in volumes Vi and V2 
consist respectively of Ui and spherical atoms or molecules, of very 
small total volume as compared with Vi and V2 (e.g. two^), which exert 
no forces on one another and behave on collision as elastic rigid spheres 
following the laws of classic mechanics. In each of the partial volumes 
these particles should execute entirely random motions at velocities w 
characterized by MaxwelPs law of distribution, the average value w of 
which can be calculated simply from the Boyle-Charles equation 

7riw^ — 3kT 

These are all assumptions regarding the nature of the two gases en- 
closed in V I and V2 , the validity of which will be apparent later from the 
satisfactory comparison with experimental observations. 

Now we remove the separating wall. 

A molecule of gas A, which had previously been hindered in its free 
path by the wall, now flies freely and penetrates volume F2. It there 
collides at random with molecules of gas B and recoils. The result can 
scarcely be other than that the particular molecule in the course of sufficient 
time will have occupied, during its random, zig-zag motion, all parts of the 
total volume 


7 = Fx + F2. 


^ Cf. e.g. G. N. Lewis and M. Randall, TherTnodyTiamics, New York 1923. 
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The same is true for all the other molecules in the two gases. Accordingly, 
the initial average value of the velocity cannot change, since, according 
to the law of conservation of energy, such a change could occur only 
if the system had gained or liberated energy. This, however, is not so, 
because we have done nothing but removed the dividing wall. 

We thus arrive at the conclusion: The total energy of the system remains 
constant and the two gases mix automatically. This is in complete 
harmony with observation. 

In addition to the thermodynamical consideration, we can now indicate 
clearly the reason for the automatic mixing. It lies in the random motions 
of the molecules which impel them to occupy all available positions 
consonant with the experimental conditions prevailing (size of vessel, 
fields of force, etc.). That the two gases, once they are mixed, cannot 
separate again is directly evident. It is very improbable that in conse- 
quence of the completely random molecular motions, i.e. quite accidentally, 
all ni molecules of the gas A would be found in volume V i and all n2 mole- 
cules of gas B in volume F2. The final state, a mixture of the gases as a 
result of molecular motion, seems to be more probable than the initial 
state of separation of the components A and B into the volumes Vi and V 2 
respectively. The entropy difference mentioned above now corresponds 
to a ratio of probabilities. 

To calculate this ratio, we make the simple and plausible assumption 
that the probability of a particle^s being present in a given volume will 
simply be proportional to the size of this volume; then the ratio of the 
thermodynamic probabilities that a molecule A will be found in the total 
volume V instead of in the initial volume V 1 is given by 

y 


For ni and n2 molecules respectively, according to the laws for calculating 
probabilities and owing to the independence of the molecules of one another, 
the expressions are 

{vT 

Thus, there corresponds to the entropy increase, which was mentioned 
above. 


AS = -kTim InNi + m In N2) 
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a probability increment of 



From the Boltzmann equation 

S -- k\nW 

and because Vi is proportional to rii and F 2 to 712 , (from the equation of 
state), the equivalence of the two equations (42) and (43) is established. 

The statistical method of consideration places in the foreground the 
probability laws as general principles, illustrated here by a very simple 
case. Again, the method has been vindicated by experience. 

Every closed system ever tends towards a state of greatest probability 
and remains in it if undisturbed by external influences. A general law 
— that on which we rely in contrast to kinetic considerations — states 
that the most probable state is reached when, for each species of molecule 
present in the system, a given probability expression attains a maximum. 
The problem to be solved in each special ’case consists in the actual algebraic 
calculation of this probability expression — the so-called summation of 
states or phase integral. 

In the case of the perfect gas, a very easy calculation shows that the 
probability is proportional simply to the volume, so that we arrive at once 
at expression (42) for the increase in entropy on mixing. 

We may therefore summarize as follows: under the particularly simple 
conditions chosen, which are, however, fulfilled in the case of ideal gases, 
the mixing of the two components is not due to forces of attraction between 
the different kinds of molecules, for such do not exist, but is simply and 
solely due to a diffusion tendency induced by the kinetic energy of the 
individual particles. In the concepts of thermodynamics it is an increase 
in entropy, according to the statistical concept it is a probability increase 
which causes the final state to be preferred over the initial one. 

b) Mixtures of Liquids 

We now pass to the consideration of a mixture of two liquids.^ 

There is naturally no change in the fundamental relations and laws— 
second law of thermodynamics, Boltzmann equation, etc. — for they 
are valid for all systems irrespective of their state of aggregation. It is 
only a question of how far the simplified assumptions earlier found to be 
true preserve their validity. 

* Compare particularly J. G. Kirkwood, Chem. Rev,^ 19, 276 (1936). 
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We shall again apply the thermodynamic method first. The change 
of free energy during the mixing of two liquids of volumes vi and 2 ^ 2 , kept 
at constant temperature T, pressure P and constant total mass, is again 
given by 

AF - Fa - F6 = A/y - TaS. 

But, in contrast to the conditions governing ideal gases, experience teaches 
that on mixing two liquids, the condition AH = 0 is practically never 
strictly satisfied. Constancy of heat content is rigorously true only in 
the mixing of isotopes and is approximately so in the mixing of very similar 
substances, e.g. benzene and toluene. Under such circumstances, we 
can, of course, formally adopt the method of consideration used for gases 
and the formulas derived for them and state: in the case of an automatic 
mixing of two liquids of ideal miscibility, the gain in entropy is the only 
decisive characteristic and there are no force effects between the particles. 

Considered statistically, an increase in probability for the mixture 
as compared with the separated components, corresponds to this gain in 
entropy. Just as in gases, it is due to the random motions of the molecules 
and may be determined by the aid of the same formulas. Such mixtures 
have, accordingly, been termed ideal or perfect solutions. 

The quantitative value of the entropy gain in ideal solutions can be 
found by equally simpler expressions as those used for ideal gases (compare 
equation (42) on page 213 and equation (43) on page 215). This means 
that there are no other entropy changes besides the ideal entropy of mixing 
(— i? InWi per mol); it corresponds to the fact that the mixture is more 
probable because the centers of gravity of the particles involved have more 
possibilities of arrangement in the mixture than they had when separated. 

Experience shows, as already stated, that such simple conditions seldom 
exist in actuality. When two liquids mix, a change of volume and a change 
of internal energy usually occurs in addition to the gain in entropy and the 
gain in entropy itself can no longer be described in such a simple way as was 
used heretofore. The total decrease in free energy is here the negative of 

AF AE + PAY - TAS (44) 

where AH has been replaced by AE + PAY, 

From the thermodynamic standpoint, the total decrease in free energy is 
now caused by three different terms 

a) by a change of internal energy E 

b) by a change of volume V 

c) by a change of entropy S. 
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We may now demand from the kinetic-statistical theory a molecular 
interpretation of the fresh factors which bear upon the mixing of liquids. 
The answer is: mixing is now influenced by forces which the individual 
particles exert upon one another and by the possibilities of geometrical 
packing and arrangement of molecules endowed with different forms 
and sizes. 

Particularly strong forces of attraction between components A and B 
and unusually favorable packing conditions between the two kinds of 
molecule will promote the occurrence of mixing beyond the ideal entropy 
effect. If, however, the forces between A and A and between B and B 
are greater than the interaction between A and B, the result is that the 
free energy of a mixture can be greater than that of the components; the 
mixed liquids would then automatically separate. The influence of the 
forces effecting separation would then exceed that of the entropy increase 
which favors mixing. Finally, the influence of increase or decrease in 
volume has to be taken into consideration also. 

It is evident that the mixing of two liquids can be regarded as simple 
only in very rare cases ; usually it is dominated by three different influences. 

In this example, however, we are concerned with the general regularity 
which is always to be observed in physico-chemical processes and which 
has to be taken into account very carefully in discussing high polymeric 
substances. 

The behavior of each system is determined essentially by two funda- 
mentally different factors, namely, by the decrease in free energy and by 
the increase in entropy. The former demonstrates that th(i forces acting 
in the system try to effect a minimum of potential energy by displacing 
the atoms or molecules until further deformations are no longer compatible 
with the geometrical possibilities of movement; the latter signifies, how- 
ever, that there is a constant striving towards the most probable state of 
distribution, as a result of the irregular motions to which the individual 
particles are subjected. 

This position may also be expressed as follows: in any isolated system 
the total energy is composed of a potential aUd a kinetic component. At- 
tractive forces between the particles arc connected with the decrease of 
the potential energy while the kinetic energy -dn so far as it is present as 
random molecular motion — results in the increase in entropy and opposes 
the collective influence of the forces. 

If, in the system considered, the forces predominate, a high degree of 
aggregation and a compact arrangement is generally established, as, for 
example, in crystals at low temperatures. 
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If, however, the kinetic energy of the random molecular motions domi- 
nates, a condition of minimum density is always established and we arrive 
at the perfect gases in which forces play no r61e and whose behavior may 
be interpreted and evaluated successfully on the basis of the purely 
statistical considerations indicated by the kinetic theory of gases. 

In most cases, nevertheless, we have to admit that these two generally 
opposing influences merge into a somewhat indistinct general picture; on 
the one hand, the forces try to secure cohesion and arrangement, while 
the kinetic energy of the random molecular motion is incessantly at work 
to destroy this arrangement as far as possible and to render the system as 
diffuse as is permissible under the circumstances prevailing (vessel walls, 
fields of force, etc.). 

In this sense the isothermal mixing of two perfect gases would be re- 
garded as an extreme case in which entropy influence is in complete 
ascendancy, and the separation of two emulsified liquids as one in which 
force influences are predominant. In order to explain this contrast as far 
as possible, this short section on the processes involved in the mixing of 
two substances has been placed at the beginning of the chapter. 

The following remarks will give an idea of the order of the magnitudes 
concerned. The average kinetic energy per molecule per degree of freedom 
which is responsible for the entropy effect is 

, ^kin = i k T 

A; == 1.37 X erg per degree C. 

and at room temperature is of the order of magnitude of 10“^® to 10“^^ 
erg per molecule which gives an amount of 300 cal. per mol for each degree 
of freedom; hence, for the motion of the center of gravity in the three 
directions in space, the kinetic energy is about 1000 cal. per mol. 

If the opposing force effects prevailing in the system are large, we must 
expect the existence of a condensed phase; thus for example, the heat of 
sublimation of rock salt is about 55,000 cal. per mol and that of benzoic 
acid 20,600, both being values which are quite sufficient to cancel the 
effect of thermal motion in disrupting the small vibrations about equilib- 
rium positions commanded by the forces. 

Conditions are very interesting but extremely complicated if the two 
effects are of the same order of magnitude and the general behavior de- 
pends in a very sensitive way on the question of whether one or the other 
influence prevails. This is frequently the case, for example, in solutions of 
high molecular substances and it plays a decisive r61e, particularly, in 
evaluating experiments on osmotic pressure. 
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After this short, general discussion, which will have given an idea of the 
orders of magnitude involved, it is time to pass on to the treatment of 
vapor pressure and osmotic pressure, their origin and measurement and 
the interpretation of the results obtained in this field. 

3. Lowering of Vapor Pressure in Binary Mixtures 

For many years the relation between composition and vapor pressure 
of a mixture has been a very important and convenient aid in the investi- 
gation of solutions and it is consequently not surprising that in examining 
high polymeric substances, particular attention has been paid to the vapor 
pressures of their various types of solution. K. H. Meyer and his co- 
workers® in particular, have recently undertaken a systematic experimental 
investigation in this field with special consideration to chain molecules. 
By now, there are available the results of a fairly large number of investi- 
gations, beginning with systems of simple compounds of low molecular 
weight, such as benzene and toluene, and ending with substances like 
rubber and nitrocellulose. It may not be superfluous to recall here the 
fundamental equations, to explain the phenomenon of vapor pressure 
lowering and to discuss a few examples from the field of low molecular 
weight substances, which can throw a significant light upon the problem 
of high polymers. 

In accordance with the accepted concepts and mathematical methods 
of treatment discussed in the previous section, we must turn our attention 
particularly to the following question: 

How does the fugacity (the tendency to escape) of the various com- 
ponents of a mixture change with the composition? This fugacity / 
expresses quite generally the tendency to leave the liquid phase and to 
enter the gaseous one; it is caused by the kinetic energy of the molecules 
and expresses to what extent the thermal motion has been able to overcome 
the forces which hold the liquid phase together.'^ 

If we confine ourselves to a mixture of two components the theory 
requires that, in the state of equilibrium. 



® Compare e.g. K. H. Meyer and A. van der Wyk, Helv. chim. Acta, 23, 488 (1940). 
* One can find a complete deduction of all fundamental relations in the textbooks 
of Physical Chemistry, especially in the following ones; G. N. Lewis and M. Randall, 
Thermodynamics, New York 1923; W. Nernst, Theoretische Chemie, 15th ed., Stutt- 
gart 1926; H. S. Taylor, A Treatise on Physical Chemistry, New York 1924; A. 
Eucken, Lehrhuch der chemischen Physik, 2nd ed., Leipzig 1938. 
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In this equation Ni and N2 denote the mol fractions of the two com- 
ponents, while Fi and F2 are the partial molar free energies, 

dNi 




partial molar free energy 


)■ 


If we introduce, instead of the partial molar free energies, Fi and F2 , 
the fugacities /, we obtain 

AT ^ AT ^ 

Ni — — = -N2 


dNi 


dN2 


If, as frequently happens, the vapor existing above the liquid mixture 
behaves as a perfect gas, we can replace the fugacities or volatilities / by 
the partial pressures p of the two components in the gas phase and obtain 


9 In Pi 
' dNi 


-N^ 


d In P2 

dN2 ' 


This expression may be written somewhat differently, having regard to 
the meaning of d in p, since in a binary mixture dNi = —dN2 

dN2dN2 ^ 

This indicates that the two curves which represent the effect of the com- 
position on vapor pressure are very closely connected with each other. If, 
for example, in a given concentration range, the one curve has a linear 
form the other must have the same form in the same range. Equation (45) 
was derived by Duhem^ and Margules® and later tested experimentally by 
Zawidski.’ Figs. 73a to c give a few examples showing how different 
mixtures of liquids may behave in regard to the effect of composition on 
partial pressure. Already this different behavior shows very clearly that 
binary mixtures of liquids are affected by various influences and that the 
opposing effects of potential and kinetic energy give rise to a wide variety 
of combinations. 

Conditions are particularly simple in the mixture propylene bromide- 
ethylene bromide, because there the partial pressures are simply propor- 
tional to the mol fractions. One could say that the molecules of the first 
kind are indifferent to those of the second kind and behave as if the latter 
were not present at all. Mixtures in which this independence holds over 
the whole concentration range and atall temperatures, have been termed 

. ®Duhem, Compt. rend,, 102, 1440 (1886). 

®Margules, Sitz. her. Akad. Ifm. Wien, 104, 1283 (1895). 

^ Zawidski, Z. phyaik. Chem., 36, 129 (1900). 
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ideal or perfect mixtures. In them it 
is obviously possible for the molecules 
of substance 1 to be replaced by those 
of substance 2 without the occurrence 
of any changes either of an energetic 
or a geometrical nature. Both types 
of molecule present are effective only 
in proportion to their number. 

In this case we can write 

/i = nN,; p, = p[N^ 

in which /J and pS represent the vola- 
tility and partial pressure of the pure 
component one; or, if we revert to the 
partial molar free energy: 

dPi =, RT dlnfi 

dj\ 

dNi Ni 



0 at ojf M w 

mol fraction of propylene bromide 

Fig. 73a. Partial pressure diagram 
of an ideal mixture; the partial pres- 
sures are proportional to the mol 
fractions. 



^ 5? 3? as as w fp" clb to 

mol fraction of carbon disulphide mol fraction of acetone 

Fig. 73b Fig. 73c 

Fig. 73b. The partial pressures of the components of this system are not proportional 

to the mol fractions. 

Fig. 73c. Departures from ideal behavior are not very great here. 


222 


THE BEHAVIOR OF MIXTURES 


There are few mixtures which satisfy this condition accurately over the 
whole range of concentration, unless one would take into account mixtures 
of isotopes, which behave as strictly ideal. But there are others, however, 
in which the above relation is fulfilled in quite good approximation and 
which may be designated practically “ideah^ solutions. In addition to the 
pair of substances represented in Fig. 73a systems® such as 

methanol — ethanol 
benzene — toluene 
chlorobenzene — bromobcnzeno 

SnCh— ecu 

may be cited. 

In such cases, mixing of the two species of molecule is effected without 
the influence of any kind of force effects and no geometrical packing possi- 
bilities play any r61e. Mixing is here merely a result of the ideal entropy 
increase, which has its basis in the increased possibilities of interchange of 
molecules 1 and 2 with each other. 

The majority of substances and particularly the low and high molecular 
weight substances composed of long chain molecules, exhibit an entirely 
different behavior which departs significantly from that of an ideal or 
perfect mixture. The problem arises therefore, first to determine by ex- 
periment the nature of these deviations as accurately as possible and then 
to ascertain by the application of the equations derived above how these 
deviations can be interpreted from the point of view of molecular behavior. 

For ideal mixtures the following holds: 

aP ^ Pi - Ft = RT In Ni (46) 

Hi - Ht ^ 0 

Si - ^ -R\n Ni 

There are no changes in heat content and the change in entropy corre- 
sponds to the simple principle of the interchange of one and two. 

The following deviations are recognized as possible: 

Ri- Ht 9^0; Si - ^ RlnNi (a) 

Here we have a heat of mixing differing from zero, while the entropy 
of mixing retains as before the ideal value. Such mixtures which are 
realizable in great number in the domain of low molecular weight sub- 
stances, Hildebrand® has termed regular solutions. 

8 Cf. G. C. Schmidt, Z. physik. Chem., (A) 121, 246 (1926). 

® J. H. Hildebrand, Solubility of Non-Electrolytes, 2nd Ed., New York 1936. 
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It has been shown experimentally by G. C. Schmidt^® that, in fact, many 
systems of low molecular weight compounds behave according to equa- 
tion (a) and Scatchard^^ has observed that in the systems CeHe • • • CBr4 
and (0113)20 • • • (0113)200 the entropy of mixing has the ideal value. 
The total change of free energy during mixing of such substances is given 
by the addition of the ideal entropy change, —R In Ni and the heat of 
mixings Aff 1. Usually the sign and magnitude of the latter are decisive, 
whether the two hquids mix or not. 

Ri- 0; Bx- S\ 7 ^ -R In Ni . (b) 

In this case no interactions involving energy take place in the sense of 
excess attractions or repulsions between 1 and 2 but the entropy change 
differs materially from the ideal. This is best understood by saying that 
the molecules of 1 are somehow restrained or assisted in their movements 
in the vicinity of molecules 2 , so that any interchange of the centers of 
gravity of the two kinds of molecules produces an additional effect upon 
the randomness of the arrangement. Mixtures or solutions of this kind 
have been termed athermal by K. H. Meyer, owing to the absence of 
thermal effects. 

Among compounds of low molecular weight and similar size athermal 
mixtures or solutions usually show an entropy of mixing amounting to 
— J? In Ni] they behave like ideal solutions. This means, apparently, 
that in the absence of forces between the molecules of the two species, 
there are also no additional entropy effects. 

If, however, one component is large compared with the other, and 
especially if chain-like molecules are involved, athermal solutions can show 
anomalous entropies of mixing in the sense that the change of entropy is 
always more negative than — J? In iVi, regardless of whether AJTi is less 
or more than zero.^^ 

Hi - Hi 9 ^ 0; Si - N? -R In Ni . (c) 

In this most general case we have to take into account energy as well 
as entropy effects; we are concerned with an irregular mixture. 

Experiments show that solutions of chain substances, even if they are 
not true high polymers, always introduce anomalies in the sense that 

{Pi - chain — Fi) normal 

holds. 

G. C. Schmidt, Z. physik, Chem., (A) 101 , 286 (1922); 121 , 221 (1926). 

G. Scatchard, Chem. Rev.j 8, 321 (1931). 

Cf. K. H. Meyer and A. v. d. Wyk, Helv. chim. Acta, 23, 488 (1940). 
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The question arises whether these anomalies are due solely to energy 
interactions between the two kinds of molecules which have been mixed 
together (regular behavior) or to entropy effects alone (athermal behavior) 
or to both simultaneously (irregular behavior). 

The most important work in the low molecular weight field is that of 
Bronsted and Colmant,*® Meyer and Luhdemann*'* and Boissonas, who 
have made important contributions to this question by very careful meas- 
urements of the vapor pressures of binary systems containing chain 
molecules. 

T(AS-&S') 


catortes 



Fig. 74 Fig. 75 

Fig. 74. AS = observed entropy increase per mol solution. AS' = entropy 
increase per mol ideal solution. 

Fig. 75. AH = observed heats of solution per mol solution. AH' — heats of solution 
for a * ‘regular’^ solution calculated from AS, 

The following substances were investigated: 

Butyl valerate in benzene VB 

", ‘‘ in propyl bromide pig. 74 and 75. 

Butyl sebacate in benzene. . . . . SB 

** ** in propyl bromide . .SP 

Oleic acid oleyl ester in cyclohexane 
in n-hexane 

‘‘ ** in carbon tetrachloride 

** ** ** in chloroform 

Thapsic acid di oleyl ester in cycl^exane lb 

‘‘ in n-hexane 2b p. 

“ ** in carbon tetrachloride . . 3b 

" in chloroform 4b 

J. N. Bronsted and P. Colmant, Z. physik. Cheni.f 168, 381 (1934). 

K. H. Meyer and R. Luhdemann, Helv, chim, Actaj 18, 307 (1935). 
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Recently Boissonas has also investigated the system octadecane, with 
benzene, hexane and carbon tetrachloride.^® 

Bronsted and Colmant determined at 18° the vapor pressure in relation 
to the mol fraction in the butyl esters of valerianic and sebacic acid respec- 
tively. They found in all cases 

/i < ATi . 

To discover the origin of the departures, Boissonas determined the 
heats of solution of these systems by a direct calorimetric method and 



0 0,25 0,50 0,75 1,00 


t*50*^C 

♦ ♦ 

Fig. 76. Vapor pressure of solutions of thapsic acid dioleyl ester j the curves obtained 
all lie below the straight line. 

compared them with the vapor pressure measurements of Bronsted and 
Colmant. The result is that the heat effects observed are not sufficient 
to explain the amount of departure from the behavior of an ideal solution 
which has actually been found. We are, accordingly, concerned not with 
regular mixtures in which there are no additional entropy effects but with 
fairly complicated systems. In every case the entropy gain is considerably 
greater than that corresponding to a perfect solution. The system butyl 
valerate-propyl bromide alone approaches ideal behavior. The deviations, 

Ch. G. Boissonnas, Helv, chim. Ada, 20, 768 (1937). 
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as is evident from Fig. 74 and 75, are greater, the greater the difference 
between the molecular weights of the two components. 

Meyer and Luhdemann^^' arrived at similar results for the substances 
of higher molecular weight (532 and 787) investigated by them. By meas- 
uring the vapor pressure over the whole range of mixing at several tem- 
peratures, it was found that deviations from the ideal behavior could not 
be explained by heat of solution alone but that, in addition to the energy 
interactions between the different kinds of molecule, entropy effects appear 
which are considerably greater than the entropy of mixing in a regular 
solution.^^ 

Fig. 76, which gives the vapor pressure of thapsic acid dioleyl ester in 
different solvents, may be taken as an example. It is evident that in all 
cases the measured pressure is considerably lower than that corresponding 
to an ideal solution. A comparison with the heats of mixing indicates that 
here again we are not concerned with regular or athermal mixtures but 
with an irregular solution in which the gain in entropy on association of 
the two components is very much greater than the pure entropy of mixing. 

It may perhaps be observed here that the entropies of fusion and evapora- 
tion of chain substances sometimes assume abnormally high values, 
probably because the long and mobile molecules found in the gas and in 
the fused mass can better utilize the inherent free mobility in the form of 
rotations or vibrations of larger molecular parts than was feasible in the 
crystalline state. 

This effect has already been discussed by Haller^® and by Fowler and 
Guggenheim.^^ Recently K. H. Meyer^® has proposed a statistical treat- 
ment, which elucidates the whole situation very clearly. If one wants to 
attempt a quantitative examination of the deviations observed by Bronsted 
and Colmant, Boissonas, and Meyer and Liihdemann, it is necessary to 
calculate the entropy gain connected with the curling up of a long chain 
molecule. 

Let us, as an example, calculate the approximate entropy gain which 
occurs if one ground mol (14 g.) of the paraffin C 60 H 122 passes from the 
state of extended chains into the state in which the chains have their 
greatest probability. 

Cf. K. H. Meyer and A. v. d. Wyk, Helv. chim, Acta, 23, 488 (1940). 

Cf. Wo. Ostwald, Kolloid Z., 46 , 259 (1928); cf. also W. Haller, Kolloid Z,, 66 , 
257 (1931). 

18 W. Haller, Kolloid Z,, 66 , 257 (1931). 

18 E. A. Guggenheim, Trans. Faraday Soc., 33 , 151 (1937) ; R. H. Fowler and G. S. 
Rushbrooke, Trans. Faraday Soc., 33 , 1272 (1937). 

8® K. H. Meyer, Z. physik. Chem., (B) 44 , 383 (1939). 
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The force of contraction of such a chain is given by equation (18) on 
page 75; it runs 


a 


SkT 

nil 


X M 


and, therefore, the work during contraction from the extended to the most 
probable state will be 


3kT 

2nll 


X 


N 

If we have — chains per ground mol 
V 

N — Loschmidt number 


p — degree of polymerization, 
the corresponding work per ground mol will be 


A 


SET 


n X p X ll 


•AIK 


This is obviously equal to TAs, so that the entropy gain owing to contract 
tion is given by 


As - dR 


AV^ 

p X n X ll 


In this equation we have: 


p — degree of polymerization; in this case, equal to 60 

n == number of independently and freely mobile links of the chain; in this case 
about 8. 

I = length of the independently mobile link; in this ‘case about 8 A. 

A^ — difference between the length of the extended (70 A) and curled chain 

(10 A). 


Hence we get approximately 


As 


3 X 2 X 36 X 10-^^ 
6 X 8 X 64 X 10-1® 


(/ converted into cm.) 


which gives the right order of magnitude for the ^^curling entropy.’^ A. 
Wassermann^®* found a similar entropy effect in investigating the equi- 
librium of the formation of larger organic molecules, which he attributed 
to the existence of slow vibrations in the two molecules combining with 
each other. It has been shown also in the theory of reaction kinetics that 


20a A. Wassermann, Trans. Faraday Soc.^ 33, 128 (1937). 
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if large molecules with many vibrational degrees of freedom are involved, 
the entropy changes caused by the internal mobility of these large struc- 
tures must always be taken into consideration, because they influence 
decisively the steric factor in these reactions. 

It should be pointed out that, here again, an effect is present which is of 
less importance in the treatment of systems composed of small molecules. 
In that case the interchangeability of the single independent particles of 
the mixture is the main point; the two components can replace one another, 
they can occupy, to the order of magnitude, the same space and also 
possess the same internal mobility. The entropy gain on mixing is due 
merely to the fact that, in the mixture, more places are available to each 
of the participants. 

If, however, one part of the mixture consists of very large molecules 
with high internal mobility and the other of normal molecules, which may 
reasonably be regarded as rigid spheres, the conditions of simple replace- 
ability no longer hold and we obtain the above mentioned additional 
entropy effect. 


4. Osmotic Phenomena 

a) The Origin of Osmotic Pressure 

If a sugar crystal is placed in water, it dissolves automatically. This 
is a case in which the diffusion tendency of the sugar molecules in con- 
junction with the forces of attraction of the water molecules on the sugar 
overcomes the cohesive forces of the crystal. The heat of fusion of a cane 
sugar crystal has not been measured directly but it would be of the order 
of magnitude of 15000 cal. per mol, indicating that an energy of 10“^^ 
erg is necessary to remove a sucrose molecule from the crystal. We see 
that this is very much greater than the value of | fcT at room temperature 
6 X 10"^^ erg) and infer from this that cane sugar is a stable crystal, 
which is true. 

If, however, it is put in water, solvent molecules penetrate the fine fis- 
sures and cracks of the crystal surface, interact with the hydroxyl groups 
of the glucose or fructose residues and thereby interfere with the cohesion 
of the crystal to such an extent that the average kinetic energy is sufficient 
to detach the individual C 12 H 22 O 11 molecules from the solid phase and 
drive them into the liquid. There, combined with a few water molecules, 
they execute molecular motion under the influence of random impacts, 
which push them hither and thither and make them victims of chance. 
In a short time the solid sugar crystal disappears with the automatic 
formation of a homogenous solution. 
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On thermodynamic principles the cause will be attributed to the in- 
crease in entropy consequent on solution^ while the statistical-kinetic mode 
of consideration will recognize as decisive the predominance of the random 
molecular motion over the acting forces. 

We shall now assume that the solution is very dilute and that the sugar 
molecules constitute only a few per thousand of the water molecules 
present. If there is a wall which allows the molecules of the solvent to 
pass but is impermeable to the particles of the solute (semi-permeable), 
energy will be imparted to the wall by the dissolved particles and their 
pressure — the osmotic pressure — is observable by direct experiment. 

Let us imagine now a dilute sugar solution brought in contact with the 
pure solvent through a semi-permeable membrane and inquire what 
happens. 

We give the answer first by thermodynamic principles and then by sta- 
tistical-kinetic considerations. 

Let equilibrium be established in an osmotic cell; an excess pressure 
then prevails in the solution equal to the osmotic pressure P. If the ca- 
pacity of the cell is sufficiently large, one molecule of the solvent may be 
forced through the membrane into the solution without altering the con- 
centration of the solution appreciably. If this process is conducted rever- 
sibly, the performance of work is 

PVi - -aPi (47) 

and if the solution is an ideal one, we have seen that 

aPi = -TaSi - RT In Nu 

Since further iVi = (1 — ^ 2 ), the following holds for ideal solutions: 

RT 

P = In (1 - Ni). (48) 

r 1 

The equation merely indicates that — thermodynamically considered — 
osmotic pressure is produced only by the gain in entropy on dilution. 

For comparison let us consider the corresponding formula for the 
pressure p of an ideal gas; it runs, for n mols, 

p dY n-T dS -- nRT d\nV (49) 

from which 

pV « nRT, (50) 

if n moles are present in volume V. Here also the left hand side of (49) 
measures the work which the gas can perform when, under the pressure p, 
it expands by the Volume dF, whereas the right hand side is nothing other 
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than the gain in entropy on mixing n moles of an ideal gas with the empty 
space of volume dV. 

Both laws hold over regions of mixing and pressure respectively in 
which the conditions requiring the absence of any interfering forces are 
fulfilled; they have different mathematical form, as is evident from com- 
parison of equations (48) and (50) ; the osmotic pressure of ideal solutions 
obeys a logarithmic law according to the molar concentration n/V, In 
both cases the entropy gain by the volume increase is decisive for the 
pressure on the wall; this increase in entropy is, however, expressed each 
time by a different mathematical function of the variables involved. 


■). 


the partial molar 


If, moreover, the ideal solution is dilute 

volume of the solvent Fi, differs only slightly from the molar volume Vi 
of the solvent, and approaches also the molar volume V of the solution. 
By series expansion of the logarithm, we arrive at 


P 


V 


Nl . Nl 




21 3 ! 



If 2^2 is very small, the higher powers disappear as compared with the first 
term; to a first approximation Ni = 1 and N^/V = Cm the concentration 
of the dilute solution in mol/liter. We thus obtain the limiting value of 
the osmotic pressure for ideal solutions at high dilution: 


P — PTCfn} 


( 51 ) 


which expression is known as van ^t Hoff^s law. 

Unfortunately, we frequently find in the literature and especially in 
the textbooks, the loose expression, that, according to van ’t Hoff, osmotic 
pressure equals gas pressure, without sufficient indication of the rather 
restricted conditions under which this statement is accurate. 

According to statistical-kinetic conceptions, osmotic pressure and gas 
pressure have the same origin, namely the random molecular motion of 
the gas molecules on the one hand and of the dissolved particles on the 
other. The difference in the two cases lies, as mentioned before, in the 
different way in which the total volume of the system is made up. The 
gas, on expansion into a vacuum, has access to tree space, whereas the new 
places required for the calculation of probability, according to the theory 
of the mixing process, are offered to the molecules of the solute only by 
interchange with the particles of the solvent. 

The manner in which the suction exerted on the pure solvent by molecu- 
lar motion is actually developed in the immediate surroundings of the 
membrane is a difficult question to answer in view of the lack of an equa- 
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tion of state for liquids, and the comprehensive treatment in K. Jellinek^s 
Text Book of Physical Chemistry is recommended for reference. A de- 
tailed discussion of the relationships here would lead us too far afield; 
for the present it is only necessary to know that: 

1. The osmotic pressure of a solution is produced by the thermal impacts 
of the dissolved particles on the semi-permeable membrane, just as gas 
pressure results from thermal impacts on the vessel walls. The difference 
between the two phenomena lies not in the mode of origin but in the fact 
that the gas molecules move in a vacuum, whereas the particles of the 
solute move in a liquid consisting of molecules which occupy space. 

2. The osmotic pressure of ideal solutions is given by 

P = In (1 - iNTa), 


so that, for low concentrations, after expansion of the logarithm, 


P = 



RT Th 
Vi Til 


= RTC2 


results. 


b) Experimental Results of Osmotic Measurements 

The van T Hoff equation has been carefully tested experimentally from 
two aspects. One requirement is that the osmotic pressure of dilute solu- 
tions is proportional to the temperature. Data by Morse^^ on cane sugar 
solutions show that the relationship holds in very dilute solutions, so 
that the purely statistical character of the phenomenon is evident. 

The second requirement of van T Hoff^s equation, that osmotic pressure 
is proportional to concentration, is also well satisfied by dilute cane sugar 
solutions. 

This indicates that practically ideal dilute solutions are involved in these 
systems, so that it is possible to derive the molecular weight from osmotic 
pressure measurements just as from vapor density determinations in gases. 
The osmotic pressure is seldom determined directly on low molecular 
weight substances, because there are no readily prepared and easily manipu- 
lated semi-permeable membranes except for a few crystalline substances. 
The indirect method is generally chosen, i.e. by determination of lowering 
of vapor pressure, increase of boiling point or lowering of freezing point. 
The experimental technique and evaluation of the results are so well known 
that they need not be described here. They can be found in all text books 
of physical chemistry. 

21 J. H. Morse, J. Am. Chem. Soc., 34, 1 (1905). 
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In contrast, a little may be said regarding osmotic measurements in 
the realm of high molecular weight substances.^^ The Beckmann method 
of freezing point lowering and boiling point rise is applicable only to 
measurements of molecular weights up to 4000 or 5000, because of the 
minuteness of the effects. In favorable instances, and by observing spe- 
cial precautions, it may be possible to go a little higher, as Staudinger^^ 
has shown in the course of his numerous experiments on the structure of 
high polymeric substances. However, even these measurements do not 
extend into the true high polymeric or eucolloidal range but only to its 
lower limits. 

Direct measurements of the lowering of vapor pressure by isothermal 
distillation or similar methods present not inconsiderable difficulties. 
Numerous experiments of Hess, his co-workers^^ and others^^ have shown 
that osmotic measurements by these methods are attended with great 
difficulties and must be carried out very carefully if they are to give trust- 
worthy results. 

In the high polymer domain there remains, therefore, only the direct 
method of using semi-permeable membranes, which has actually been de- 
veloped successfully by Herzog and Spurlin and a number of observers 
in recent years.^® In this way we may use either the static elevation method j 
in which equilibrium between osmotic and hydrostatic pressure serves as 
the criterion, or a dynamic method which was first designed by Van 
Campen^^ and later developed by C. G. Boissonnas, Obogi and Broda,^® 
and K. H. Meyer. In the latter the osmotic pressure, which causes a 
streaming of the pure solvent through the semi-permeable membrane is 
compensated by a suitable counter-pressure in such a way that the motion 
of the liquid practically ceases. 

The chief difficulty in both cases is always the suitable choice of the 

22 More detailed data will be found in another volume of this series. Cf. also M. 
Ulmann, Die Molekulgrdssenbeslimmung hochpolymerer Naturstoffe, Dresden 1936. 

23 See H. Staudinger, Die hochmolekularen organischen Naturstoffe^ Berlin 1932. 
A review of recent literature e.g. by G. V. Schulz, Z. physik. Chem.j (A) 180, 1 (1937). 

24 E.g. K. Hess and M. Ulmann, Ber., 66, 495 (1933); 67, 2131 (1934). 

23 See especially the book of M. Ulmann and his following papers, Z. physik, 
Chem,, (A) 166, 419 (1931); 164, 318 (1933); (B) 68, 134, 1217 (1934). 

28 Cf. R. 0. Herzog and H. M. Spurlin, Z. phys. Chem. Bodenstein Festhand, p. 239 
(1931); A. Dobry, J. Chem. Phys., 32, 50 (1935); Ch. G. Boissonas and K. H. Meyer, 
Helv. chim. Acta, 20, 783 (1937); G. V. Schulz, Z. Phys. Chem. (A)180, 1 (1937); O. 
Kratky and H. Mark, Forischr. Chem. Org. Naturst., 1, 255 (1938). 

22 Van Campen, Rec. Trav. chim.y 60, 915 (1931). 

28 Ch. G. Boissonnas, Helv. chim. Acta^ 20, 779 (1937); R. Obogi and E. Broda, 
Kolloid-Z., 69, 172 (1934). 
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semi-permeable membrane, the preparation and careful treatment of which 
is highly essential for the performance of osmotic measurements in the 
high molecular field. The systematic and extensive investigations of 
Manegold^® have furnished important information on the general sys- 
tematic production of such membranes. It is nearly always possible to 
select and prepare suitable membranes for aqueous solutions in the range 
of true high polymers. Difficulties arise on the one hand in dealing with 
smaller particles, because the membrane is then permeable to the solute 
and, on the other hand, in changing to non-aqueous solvents. For the first 
difficulty, 0. Kratky^® has recently developed a method in which the 
amount of the dissolved substance passing through can be determined 
analytically and the influence of this counter-effect deducted. By this 
method one can start with truly high polymeric substances and go down- 
ward to the limit below which cryoscopic or ebullioscopic measurements 
are effective. For aqueous solutions the experimental determination of 
molecular weight by osmotic methods is possible, therefore, over the whole 
range from the smallest to the largest structural units. 

Conditions are rather less favorable in non-aqueous solutions, because 
suitable membranes are more difficult to obtain. It is necessary to employ 
special methods of preparation for every individual case, particularly those 
suggested in the numerous original papers of Adair, Boissonas, Broda, 
Buchner, Dobry, Fent, Herz, Obogi, Wo. Ostwald, Pauli, Schulz and 
Sorensen. 

The results of all these experiments will be discussed fully in another 
volume of this series and it will merely be stated here that at sufficient 
dilution van H Hoff^s law in its simple form as a limiting law is satisfied 
also by solutions of the high polymers. 

The requirement that the osmotic pressure be proportional to the tem- 
perature has also been tested in the field of high polymers and found to be 
confirmed at sufficiently low concentrations. It must, of course, be pointed 
out that the range of applicability of the van T Hoff law is considerably 
smaller in preparations consisting of filamentary molecules and that devia- 
tions soon appear in the sense that the osmotic pressure increases consider- 
ably more rapidly than linearly with concentration and that its dependence 
on temperature is of quite a different kind. 

Since there is every reason to hope that we shall be able to derive from 
this behavior important information regarding the state of high polymeric 

2® See f.i. the review in Kolloid-Z.^ 61, 140 (1932). 

8® See the comprehensive paper by O. Kratky and H. Mark cited on p. 232. 

The literature is cited on page 232, and 234 et sequ. 
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substances in solution, this relationship has been repeatedly examined in 
recent times. It appears convenient to pass on to discuss it. 

c) Osmotic Behavior at Higher Concentrations 

The rise of the osmotic pressure with the amount of substance dissolved 
at higher concentration ranges has been the subject of many experiments. 
The osmotic behavior of moderately concentrated solutions has been ex- 
amined experimentally, in proteins by Adair, ^2 Pauli and Fent^® and 

Sorensen,^^ in cellulose derivatives by 
Buchner, Dobry,®® Herz,^^ Duclaux,^® 
Obogi and Broda®® and in rubber by 
Caspari^® and an excessive increase in 
osmotic pressure with concentration in- 
variably found. 

A series of data obtained in these in- 
vestigations is recorded in Fig. 77 to give 
an idea of the experimental effect. In all 
cases a steeply ascending curve expresses 
the relation between osmotic pressure and 
concentration and the question arises, 
whether this relation can be evaluated 
to get additional information on the state 
of high polymers in solution. If we ex- 
pand the osmotic pressure as a function 
of concentration into a series in powers 
of C2, we get 

concenirailon, '' 

Fig. 77. Rise of osmotic pressure ^ + Bc^ + Ccj + • • • (52) 

with concentration in a few high extremely low concentrations, all 

polymeric substances. , x • • j* xi 

terms containing higher powers of C2 than 

32 G. S. Adair, Proc. Roy. Soc. London, (A) 108 627 (1925); 109, 292 (1925); 120, 
573 (1929); 126, 16 (1929). 

33 Wo. Pauli and R. Pent, Kolloid~Z., 67, 288 (1934). 

34 S. P. L. Sorensen, Z. physiol. Chem., 103, 16 (1918); 106, 1 (im); Kolloid-Z., 63, 
102, 170, 306 (1936). 

33 E. H. Buchner, Trans. Faraday Soc., 29, 32 (1933). 

3« A. Dobry, J. chim. phys., 31, 568 (1934); 32, 50 (1935); Bull. soc. chim., (5) 2, 
1882 (1936). 

37 W. Herz, Cellulosechem., 16, 56 (1935). 

38 J. Duclaux, J. chim. phys., 28, 637 (1931). 

38 R. Obogi and E. Broda, Kolloid-Z., 69, 172 (1934). 

48 W. A. Caspari, J, Chem. Soc., 106, 1239 (1914). 
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one will be small compared with the first term and we obtain, as a limit- 
ing law, the equation 

P « Ac2 


The interpretation of the first coefficient, -4, of the series in equation (52) 
is unambiguous; it is directly connected with the number of particles 
which move independently in the solution and, since the total weight of 
dissolved material is known, is also connected directly with the molecular 
weight. If 2 , of the dispersed substance. 

In sufficiently dilute solutions, it will always be possible to calculate the 
weight M^oi the kinetically independent particles in the solution from 


lim — = 

C 2~*0 C2 


RT 

M2 


This has been emphasized particularly by Wo. Ostwald.'*^ 

The question now arises, whether and how the second coefficient of the 
series (52) can be interpreted kinetically. As A already represents the 
pure gain in entropy for the ideal mixing, the higher coefficients, B, C, etc., 
will describe either additional entropy terms or the action of forces between 
solvent and solute particles and between the solute particles themselves. 

Several attempts have been made to interpret the coefficient B, Wo. 
Ostwald, in his well-known investigations of high polymers, has shown 
that osmotic pressure may be expressed to a fair approximation by the 
equation 

P = ac2 + &C 2 ” (53) 

in which the constant n generally has a value around 2. C 2 equals con- 
centration by weight. 

Ostwald has emphasized that, by applying this equation to osmotic 
measurements, it is possible to determine conclusively the weight of 
the particles of high polymeric substances by means of the limiting value 

.. P RT 


In practice all osmotic measurements on hemi- and eu-colloidal high 
polymeric substances obtained by this means have given plausible values 
for the size of the particles free to move in the solution, which values are 
in good agreement with those obtained in other ways. 

Wo. Ostwald, KoUoid-Z., 49 , 60 (1929); see also W. Haller, Kolloid-Z., 66 , 257 
(1931) ; Z. physik. Chem., (A) 169 , 375 (1932). Comp, furthermore a series of articles 
by Wo. Ostwald; e.g. Kolloid-Z., 36 , 99 (1925); 46 , 259 (1928); 61 , 273, 361 (1930); 67 , 
211 (1934). 
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The relevant data arranged according to substance will be tabulated 
in detail in another volume of this series and discussed with respect to 
their agreement with other data and their importance to the structure 
of high molecular substances. 

The second term of equation (53) led Ostwald back to the phenomenon 
of sol swelling in which he assumed that the swelling pressure corresponding 
to the interaction between solvent and solute should simply be added 
in the form of a swelling function, due to Freundlich, to the osmotic 
pressure given by the first term. This would interpret B completely 
as due to the forces between solvent and dissolved particles and would 
attribute the second term in (52) entirely to solvation. 

Several authors, e.g. Adair, Burk and Greenberg,^® and Stamberger,^^ 
have adopted a similar view and have tried to explain the deviations from 
van ^t Hoff^s law in accordance with the van der Waals theory of real 
gases by introducing a co-volume 6, caused by solvation. They have 
proposed to use, instead of van ^t Hoff's law, an equation of the form 

G. V. Schulz^® in particular has developed this idea and has applied the 
Budde formula previously used by Sackur^^ by assuming a functional 
connection between the specific co-volumes, i.e. between the actual space- 
filling of the dissolved particles and the osmotic pressure. 

The solvation equilibrium established by interaction between the 
solute and the solvent would be reached as soon as the solvation pressure 
defined in analogy to the swelling pressure, became equal to the osmotic 
pressure of the solution. The agreement with experimental measurements 
attained by G. V. Schulz on the basis of this assumption is very remarkable. 

With the aid of the activity theory of binary mixtures of liquids, Kratky 
and MusiF^ have recently discussed the rise in osmotic pressure with 
concentration in the range apart from very dilute solutions and we shall 
shortly describe their results. 

If, as before, (see p. 223) we wish to demonstrate that energy effects 
may operate in addition to simple entropy effects, we obtain, within the 

G. J. Adair, l.c. on page 234. 

^3 N. E. Burk and D. M. Greenberg, J. Biol, Chem., 87 , 237 (1930); 98 , 353 (1932). 

P. Stamberger, J. Chem. Soc., (A) 1928 , 2318; Kolloid-Z., 63 , 90 (1930). 

G. V. Schulz, Z. phyaik. Chem.y (A) 168 , 237; 169 , 347; 160 , 409 (1932). 

O. Sackur, Z. physik. Chem.y 70, 477 (1910). 

<^0. Kratky and A. Musil, Z. Elektrochem.y 43, 326 (1937) and 43, 686 (1937). 
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meaning of the general activity theory of binary mixtures of liquids, the 
following equation for the osmotic pressure 

PVi - - T^Sl (55) 

In the equation, i7i, Fi and S\ are molar values at constant pressure for 
heat content, for volume and for entropy. The letters bearing index 1 
as usual relate to the solvent. The sign A indicates that the difference 
between the molar values for the solution and for the pure solvent is to be 
inserted in the equation. 

In this sense we may read (55) in the following way. The work per- 
formed by the osmotic pressure if one mol of solvent is sucked through the 
semi-permeable wall into the solution, the latter being thereby diluted 
through the addition of one mol of the liquid, may be represented by two 
quantities: a) by the entropy difference between the original solution and 
the diluted solution multiplied by T, and b) by the decrease of the energy 
content at constant pressure. 

We shall now employ the expression for the entropy used by Laar^® 
in the thermodynamics of liquid mixtures and obtain 

PVi = -RT In (1 - N 2 ) + RTAfibi) + ACviTln T + Aii -Alh 

1 2 3 4 5 

Entropy-of-mixing „ 

term Additional-Entropy terms term^ 

In addition to the terms explained above, represents the mol fraction 
of the solute, bi the co-volume of the solvent, the heat capacity and z’l 
an entropy constant for a given normal state, both relating to the solvent. 

The entropy term denoted by 1 has already been discussed. It enters 
in alone if no interactions occur between the solvent and the solute; it 
has been previously termed (see p. 213) the ideal mixing entropy. The 
terms 2, 3 and 4 are additional entropy differences based on the fact that 
the volume, the heat capacity and the chemical constant of a molecule 
when surrounded by its own species assume values different from those 
it would assume if incorporated in solutibn in a medium of molecules of 
different kinds. Finally, 5 represents the energy term, which owes its 
existence to the difference in the play of forces between similar and dis- 
similar molecules.**® 

J. J. van Laar, Z, anorg. allgem. Chem.j 146 , 39 (1925); Z. physik. Chem., (A) 134 , 
311 (1928); 137 , 421 (1928). See also R. Lorenz, Das Gesetz der chemischen Massen- 
wirkung, Leipzig 1927, p. 67. 

The ideal expression for the mixing entropy is, of course, valid only if the two 
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Generally, therefore, these additional functions are connected with 
the departures from additivity shown by the volume F, the heat capacity 
Cvf and the chemical constant i and the enthalpy H on dilution of the 
solution. They find their tangible expression in volume contractions, 
heat effects and anomalous behavior of specific heats. Physically they 
should be attributed to an excess or deficiency in attraction between the 
molecules of solvent and solute over the cohesion of identical molecules. 
Hildebrand®® has termed solutions in which additional entropy terms 
such as 2, 3 and 4 are missing, regular solutions (see p. 222). In them the 
excess and deficiency attractions may be related quantitatively to the heat 
of dilution, since in the insertion of molecules of one component between 
those of the other, a heat effect other than zero results because the energy 
necessary for the separation of identical molecules differs from that 
obtained in bringing together dissimilar particles. 

In the following discussion we shall adopt the phrase interaction term^ 
used by Kratky and Musil to express all the functions to be added to 
the pure mixing term and examine briefly the extent to which they describe 
the increase in osmotic pressure with concentration. For this purpose 
we first take out the factor RT from all functions, expand the logarithm, 
arrange according to powers oi N 2 and obtain 

PVy - RT[N2 + iNl 4- W51 4- RTik'Nl 4- (56) 

In this equation, the functions derived from the mixing term alone 
are included in a square bracket, those arising from the interaction terms 
by a double bracket; fc' and fc" are characteristic constants. 

Powers of iV 2 are present within both brackets: in the former, the 
first power, from which we conclude that this is characteristic for the ideal 
mixing term. Actually, we know from van T Hoff^s law that when P and 
N 2 are proportional, the mixing entropy is alone in evidence and the inter- 
action terms have no influence on the phenomenon. If, however, wc wish 

kinds of molecules mixed do not differ very greatly in size; so that, on exchange, a 
molecule A takes the place set free by a molecule B. If this is not so, the mixing 
component of the entropy will assume another form. Sec e.g. E. A. Guggenheim, 
Proc. Roy. Soc. London, (A) 136, 181 (1932); 148, 304 (1937); 169, 134 (1938) ; further- 
more E. A. Guggenheim, J. Phys. Chern., 34, 1751 (1930) and Trans. Faraday Soc., 
33, 151 (1937). 

J. II. Hildebrand, J. A'm. Cheni. Soc., 61, 66 (1929); further E. A. Guggenheim, 
Proc. Roy. Soc. London, (A) 136, 181 (1932); J. H. Hildebrand, J. Am. Chem. Soc., 
67, 866 (1935); J. J. van Laar, Z. physik. Chem., (A) 137, 421 (1928); W. Heitler, 
Ann. Physik, (4) 80, 630 (1928); E. A. Guggenheim, Proc. Roy. Soc. London, (A) 
148, 304 (1935); J. G. Kirkwood, /. Chem. Phys., 3, 300 (1935). 
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to pursue mathematically the effect of concentration on osmotic pressure, 
we must bear in mind that the coefficient of the quadratic term, for exam- 
ple, may depend partly on the mixing term of the entropy but partly also 
on the interaction terms, and can arise both from entropy and energy. A 
clear distinction is not possible here but comparison of the formula with 
experiment will allow of deductions regarding the coefficients of the 
different terms in N. 

We, therefore, compound the two effects by combining the same powers 
of iV 2 in (56) and arrive at 

PFi = RT’N2 + RTii + k')Nl + RTii + k")Nl . (67) 

It is clear from this equation that, in the coefficients of the quadratic term, 
for example, the part due to mixing is expressed by | and the part due 
to the total of all the interaction terms by k\ Whether the influence of 
the ideal mixing entropy is still appreciable in the higher terms of the 
expression depends, as we see, on the magnitudes of the two factors fc' 
and fc". We shall find later that fc" generally exhibits fairly high values 
in solutions of high molecular weight substances in common solvents, 
so that the | can be neglected. This is not so, however, with k', where 
both effects are of about the same order of magnitude and must therefore 
be considered explicitly. 

For testing this method of consideration, Kratky and Musil have em- 
ployed the assumption advanced and proved by Boissonas^^ that the energy 
and additional entropy interaction terms of a long valence chain are 
made up of increments of the individual structural units in which the 
increments themselves have magnitudes independent of the length of 
the chain and depend only on the total concentration. This hypothesis 
relies on the circumstance that in homologous and polymeric homologous 
series we have frequently experienced good results from additive rules and 
the more so the longer are the chains involved. As a matter of fact K. H. 
Meyer and M. DunkeP^ some years ago assumed very successfully that 
molecular cohesion in high polymeric substances is made up additively from 
given increments of individual groups of molecules, a subject discussed 
previously in this book, and Staudinger^^ has used the same method very 
successfully in the quantitative treatment of viscosity problems, a work 
which will be reported upon later (see page 287). 

Ch. G. Boissonnas, C. R. Soc. phys. GenevCy 63, 40 (1936); see also J. N. Bronsted 
and P. Colmant, Z. physik. Chem., (A) 168, 38 (1934). 

K. H. Meyer and M. Dunkel, Z. physik, Chem., (A) 138, 42 (1928). 

H. Staudinger in his book Die hochmolekularen organ. Verbindungen, Berlin 

1932. 
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Very long chain molecules in which the chemically divergent end 
groups are not of major importance and which, therefore, consist of prac- 
tically identical members, should exhibit interaction with the solvent 
proportional to the degree of polymerization and therefore to the molecular 
weight. Thus the amount of interaction is the same per unit quantity. 

For the mathematical treatment of the conditions, we may adapt 
equation (57) to the usual method of representing the experimental 
results and insert the concentration by weight ; we then obtain 


P 

Cl 


■— — h Bci 4" Ccl , 

Ml 


1 2 


(58) 


This is nothing else but equation (53). The comparison shows that 
the second coefficient B always contains a small share of ideal mixing 
entropy, expressed by the term whether or not it can be neglected in 
comparison with fc', depends upon the magnitude of that constant. 

In considering such systems, one may distinguish the four following 
types: 

a) ideal solutions, in which the effect of concentration upon the 
osmotic pressure is given by the term only, ¥ being zero; 

b) regular solutions, in which the effect of concentration upon the 
osmotic pressure is given by ¥ + f , ¥ being due to the action of 
forces only; 

c) athermal solutions in which the influence of concentration upon 
osmotic pressure is given by | + fc', ¥ being due only to additional 
entropy effects; 

d) irregular solutions, ¥ being due to solvation and entropy effects. 

The existing experimental evidence points to the likelihood that all 
four possibilities are realized in low molecular weight systems but that 
only c) and d) are effective if long chain molecules are dissolved in solvents 
which consist of small particles, such as acetone, hexane, toluene, etc. 

Measurements of Buchner and SteuteP^ and of G. V. Schulz^® prove 
that B is independent of the molecular weight of the dissolved substance. 
Figure 78 shows the P/c 2 values for a series of nitrocelluloses in acetone 
plotted against C 2 . Straight lines are obtained up to a concentration of 
about 4% and the angle of inclination with the horizontal axis is independ- 
ent of molecular weight. In the experiments depicted by Figure 78 the 
molecular weight varied from 20,000 to 100,000. 

** E. H. Buchner and H. E. Steutel, Proc. Acad, Sci. Amsterdam^ 36 , 2 (1933). 

66 G. V. Schulz, Z. vkyBik. Chem., (A) 176 , 317 (1936). 
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Similar observations have been made on rubber solutions by Caspari.®® 
Recently the four systems, 

nitrocellulose-cyclohexanone®^ 
rubber-toluene® ® 
guttapercha-toluene®® 
cellulose triacetate-tetrachloroethane®® 


have been investigated by K. H. Meyer and his collaborators. In all 
cases the molecular weight was determined from the limiting value at 
low concentrations; it was 70,000, 

270,000, 30,000 and 42,000 respec- 
tively, where direct proportionality 
of the osmotic pressure was main- 
tained. It turned out again that B 
does not depend upon Af 2 . 

In order to find out to what extent 
B (or fc') is influenced by energy or 
entropy terms, the free energy of 
solution must, itself, be measured. 

In the above-mentioned systems this 
was done by measuring the osmotic 
pressure at different temperatures. 

Accordingly, we shall pass next to 
a description of the influence of 
temperature upon osmotic pressure. 

d) Effect of Temperature on Osmotic 
Pressure 



Fig. 78. P/c plotted against c for a 
few nitrocelluloses of different molecular 
weights. 


The energy interaction between 
solvent and solution is expressed by 
the term A^i, i.e. the amount of 

heat absorbed or evolved when one mol of solvent is added to a large 
quantity of solution; it is the smaller the more dilute the solution. 

To obtain this value, one has to measure the temperature dependence of 
the partial molar free energy of solution, which is equal to the product 
PosV 1 . It is conceivable that both Pos and F i are magnitudes dependent on 


®6 W, A. Caspari, J. Chem. Soc,, 106 , 1239 (1914). 

®^ C. G. Boissonnas and K. H. Meyer, Helv. chim. Acta^ 20, 783 (1937). 

®® K. H. Meyer, E. Wolff and C. H. Boissonnas, Helv. chim. Acia^ 23, 430 (1940). 
®® E. Wolff, Helv. chim. Acta, 23, 439 (1940). 

0. Hagger and A. J. A. v. d. Wyk, Helv. chim. Acta, 23, 484 (1940). 
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temperature and, therefore, it is necessary to determine the change in both 
factors and not to confine the measurements merely to the effect of tem- 
perature on osmotic pressure.®^ 

From a knowledge of the free energy and its temperature coefficient 
it is possible to establish the entropy gain during mixing: 

aPi = AHi - TaBi 
aPi = /?! - F? = Po.Fi 
(Po. = osmotic pressure) 

AHi ^ Ry- H\ 
aBi — Si — 


We shall turn first to the calculation of the partial molar entropy of dilu- 
tion. From 



— where Pi == 



(59) 


we obtain the equation 

which is the basis for calculation of the entropy. 
Further 



(61) 


At osmotic equilibrium 

PiiP) ~ Pi(/>o)» (62) 

where P denotes the pressure on the solution and the pressure on the 
solvent (component 1). From (61) it follows that: 

^lip) - “ f Fi dP. (63) 

JpO 

By replacing Pkp) in (63) by F?(po), we obtain 

F;(pO) - Pi(pO) = -(Pi - Pj)po - f Fi dP. (64) 

«/pO 


We differentiate (64) with respect to T, to obtain the entropy for dilution 
by equation (60). 




(65) 


Ch. G. BoissonEas and Kurt H. Meyer, Z. physik. Chem., (B) 40, 108 (1938). 
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In practice it is sufficient to measure the osmotic pressure at two tem- 
peratures, represented by the following equation: 

-1 r /.P 


(P,-FI)t- iP, -FD r ^ 
T - T 


f VidP - f Vidp'l 
-•^Po Jt Jt 


T - T' 


-(8^-S\) (66) 


We thus obtain the entropy of dilution at a temperature lying between 
T and r. 

The heat of dilution Hi — H\ may be obtained in a similar way. From 
the equation : 

Lsd/'Djr 

we obtain instead of (65): 


(67) 





V T ; 


\ T / 

_ a(i/r) _ 

pO 

_ 9(i/r) _ 


Bi-H\ 


( 68 ) 


or, if we are content with measurements at two different temperatures : 


f VidP~\ f VidP 


H, - Hi ^ 


T 


1/T - 1/T' 


(69) 


For the calculation we must know the effect of pressure, temperature 
and concentration on the partial molar volume of component 1. We have 
therefore to investigate these three factors. 

The effect of pressure on V i is small and can always be neglected : 
the effect of concentration should be determined experimentally; in many 
cases however the volume changes during mixing are so small as to be 
negligible; then Vi = F?. 

The effect of temperature on the other hand is not negligible. 

On the basis of the foregoing discussion, we may write equation (60) 
in the following form: 


S,- SI 


[(Fi(P - Po)]y - IVdP ~ Po)It' 


T -T 

and equation (69) in the form: 

[yi(P - P0)]r [Fi(P - P0)]r. 
T T 


(70) 


Ri-H\ 


1/T - 1/T' 


(71) 
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For the case in which Fi = F?, we may put : 


Si - SI 


[F;(P - P0)r - IVliP - p«)]r> 
T - T 


(72) 




[ 7 ;(^ - p^)]t _ iviiP - p^)]t. 
T T 


\/T - 1/r 


(73) 


Using the above derivations, particularly the equations (72) and (73), 
K. H. Meyer and his collaborators®^ have determined experimentally the 
entropy of mixing for different systems containing long chain molecules. 
The result was that in all these cases the entropy gain during mixing 
exceeded quite considerably the ideal value of the mixing entropy, — 7ilniV’2. 
This holds, regardless of whether the solution is endothermic or exothermic 
and is, apparently, an effect which is characteristic for the presence of 
long chain molecules, which exhibit a certain amount of internal mobility. 

When discussing the vapor pressure of mixtures, we found the same 
situation and it is reasonable to adopt the same explanation for it now. 

Taking a kinetic point of view, it is obvious that long, flexible, chain 
molecules possess a considerable degree of internal Brownian movement, 
with the consequence that such molecules will perform sinuous or worm- 
like motions in solution. Haller®® has discussed tliis type of motion and 
has shown that it results in certain additional collisions between the 
molecules, and that these extra collisions produce an additional term in 
the osmotic pressure; he gets 

P = + RT-sc\. (74) 


In this equation the constant B of (58) is interpreted fully by the entropy 
effect RT>Sy where s is a quantity describing the internal Brownian move- 
ment of the chains. 

Kuhn®^ later worked out a more detailed theory of the internal (or 
micro-) Brownian movement and combined it with the intra-molecular 
statistics. He found that the entropy gain if one extended chain with n 
links curls up in its most probable condition is given by 

AS = (75) 

Lo ~ length of the chain in the contracted state 
L = length of the chain in the extended state. 


Cf. K. H. Meyer, Z, physik. Chem., (B) 44, 383 (1939). 
W. Haller, Kolloid-Z., 66, 267 (1931). 

W. Kuhn, Kolloid-Z., 76, 258 (1936). 
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If we assume that, in the pure, crystallized (long chain) substance, 
all molecules are straight, whereas they have the opportunity to curl up 
to one-fourth of their maximum length if dissolved, we get an additional 
entropy gain per molecule of about 

AS = 30fc. 

This corresponds to the equation (17) on page 74 and shows that 
rather considerable entropy gains are to be expected if long chain mole- 
cules, after being frozen in a lattice-like arrangement, are liberated and 
acquire their full internal mobility. 

K. H. Meyer®2 has recently given a simple, statistical picture of the 
mixing of large and small molecules, which shows that small molecules do 
not interchange place statistically with macro-molecules, but only with 
certain fractions of the latter. Considering the system rubber-toluene, he 
was able to show that a chain of about six isoprene residues, with a molecu- 
lar weight of about 400, behaves like a free particle. A rubber chain con- 
taining 1200 isoprene residues would, therefore, be characterized by an 
n-value of 200 (compare the discussion on page 227). 

Summarizing, we may say: Vapor pressure and OvSmotic measurements 
both point to the probability that long chain molecules, under certain 
conditions, have a high internal mobility in solution and certainly do not 
behave as stiff rods. 

e) A Few General Data on Solubility with Particular 
Regard to Chain Molecules 

The question of what solvent to employ and to what extent a given 
substance is soluble in it is one of the greatest importance to the chemist 
who has to experiment with the particular substance. The problem is as 
old as the science of chemistry itself and was answered by the alchemists 
before the scientific era of chemistry in the following terms: “Similia 
similibus solvuntiir.’^ 

Physical chemistry allows us, in conjunction with our present knowledge 
of molecular structure, to give a more precise expression to this old em- 
pirical law and to make quantitative assertions, at least in a few favorable 
cases, regarding solubility and its dependence on the molecular structure 
of the participating systems. 

Since conditions among the true high polymeric substances will receive 
detailed treatment in another volume of this series, we shall confine our- 
selves here to a discussion of the solubility of low molecular weight sub- 
stances and concentrate on the behavior of chain molecules with the idea 
of applying the results later to the high polymers. 
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We shall first examine the way in which a single molecule of the solute 
can pass from the association of the condensed phase (liquid or crystal 
lattice) to the state of a dilute solution. 

a) The molecule must be set free from the association in the condensed 
phase; for this the heat of vaporization (or in crystals the heat of sublima- 
tion) Wi is necessary. 

b) A place must be made available for receiving the dissolved mole- 
cule inside the liquid. For this an expenditure of potential energy is 
necessary against the forces of cohesion, the quantity of which we shall 
denote by TF2. Wi and W2 are two amounts of energy expended and have, 
therefore, the same sign. 

c) We now place the liberated molecule in the space made available 
for it. Attraction will occur between it and the surrounding solvent 
particles, corresponding to an amount of energy TF3, but this is energy 
gained, and it will have the opposite sign to Wi and W2. 

During the whole course of the solution process we have, therefore, to 
reckon with an amount of energy 

W W1 + W2- IFs, 

which must either be absorbed or liberated according as TFi + TF2 is greater 
or less than TF3. 

To a rough approximation, substances may be divided into two groups: 
the apolar and the polar. Substances which belong to one group are 
generally soluble in one another and frequently completely miscible, but 
not the substances of one group in those of the other. 

Let us take as an example the solution of toluene in benzene. Both 
are typical apolar substances; the molar energy of interaction between 
toluene molecules among themselves is of the same order of magnitude as 
that between benzene molecules among themselves and between benzene 
molecules and toluene molecules. W will therefore be unable to assume 
any very high value, whether positive or negative. Because the forces 
within and between the two components have the same character as 
dispersion forces, they are removed essentially from the whole process. 
It is, so-to-speak, immaterial to the toluene molecule whether it is sur- 
rounded by other toluene molecules or by benzene molecules; the diffusion 
tendency (entropy gain) alone enforces the miscibility (solubility) of the 
two substances. 

A second example is furnished by glycol and water. The conditions are 
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entirely similar; the internal cohesion of the liquid glycol, that of the water, 
and the attraction between glycol and water molecules, go back to the 
dipole effect of the OH-groups. Here also the total force effects will adjust 
themselves to a potential energy not differing greatly from zero; and again 
the miscibility will be determined by the diffusion tendency of the one 
substance into the other. 

Let us consider also an opposite case to illustrate the conditions; we 
shall try to dissolve toluene in water. Wi, referring to toluene again, is no 
greater than before but W2, referring to water, is large and W3 is con- 
siderably smaller. It is easy to liberate one toluene molecule from the 
liquid phase, because the heat of evaporation, Wi, is small. But it is 
difficult to make a hole inside the liquid water for the toluene molecule, 
because the forces between the water molecules are much larger; W2 is 
large. The interaction between one water molecule and one toluene 
molecule is small, hence Ws is equally small and W will assume a large 
positive value. This value is so large that no solution can occur, even 
though the entropy gain would favor it. 

This discussion may be regarded as a certain qualitative foundation 
for the statement: ‘^Similia similibus solvuntur.” 

Quantitative relations concerning solubility cannot be derived by 
the aid of such a rough method of consideration as the above. Since we 
have imagined the case of a single molecule, the change in the vapor pressure 
over the solution, for example, compared with the vapor pressure of the 
pure solute has not been taken into account, yet this particular difference 
is frequently decisive for the quantitative relationships. Accordingly, 
we must go back to the exact, but less demonstrable, methods of thermo- 
dynamics. 

The solubility of any substance Two in any solvent One is characterized 
by the saturation concentration (expressed in mol fraction) Nl* This 
is reached if the pure substance Two is in equilibrium with the (saturated) 
solution. The partial molar free energy of substance Two must then be 
identical in both phases, or, expressed differently : In the reversible trans- 
ference of one mol of Two from the pure pha.^e into the saturated solution, 
the partial molar free energy of solution is exactly equal to zero : AP2 = 0 
and since generally F — H — TSj it follows that 

AH 2 — T ^^2 “ 0 . 

If we confine ourselves to low molecular weight substances, experience 
teaches that their solutions often behave approximately as ^Tegular solu- 
tions” in Hildebrand^s meaning, i.e. 

' A/S2 ~ — H \ti 
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and consequently, because 

= Nl: 

AH 2 « -RT In Nl 

The equation states that the solubility in this case is determined quanti- 
tatively by the partial molar heat of solution. 

Let us now consider a crystalline substance, e.g. naphthalene, which 
will dissolve in benzene. We can then resolve the partial molar heat of 
solution AH 2 of the naphthalene into the heat of fusion plus the heat of 
solution of the fused naphthalene on dissolving in the saturated solution. 
Experience shows that, during the mixing of two apolar liquids, the heat 
of solution is generally very small, at any rate in comparison with the heats 
of fusion of these substances. The numerical value of AH 2 is, therefore, 
determined practically entirely by the heat of fusion since the additional 
heat of dilution may be ignored in a first approximation. 

In such simple cases the solubility is, therefore, a function of the heat 
of fusion AHi only so that 

= RT In Nl (76) 

Since heat is always absorbed on fusion {AHi > 0), a greater heat of 
fusion stipulates a much lower solubility: 

Nl ^ e 

If we now turn to apolar liquids, it is evident from the above that, 
owing to the smallness of AJ? 2 , the solubility is generally very high. If, as 
is often the case, the heat of dilution is zero, or a small but negative 
value, equation (75) could never be complied with, for, by definition, 
Nl < I and therefore In Nl must be negative. In this case equilibrium 
can never exist between a pure phase and even a concentrated solution; 
the two substances are miscible in all proportions. 

Conditions are often more complicated in systems of two polar liquid 
substances. The heats of dilution are then frequently not negligibly 
small. Partial miscibility is found in these systems, e.g. ether/water or 
nicotine/water. 

Finally, if the substance to be dissolved is crystalline at the experimental 
temperature, experience shows that the heats of fusion of polar compounds 
are usually rather high. In this case the heat of fusion determines the 
solubility. Accordingly, the differing solubihty of galactose and glucose 
in water or of silite and inosite in the same solvent must be due to the 
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different heats of fusion of the two isomers, which allows of interesting 
deductions regarding the structure of the two types of crystals and ulti- 
mately of the constitution of these substances. 

The above ideas have been considerably improved upon by K. H. Meyer 
and van der Wyk®® using chain molecules; they have used them for making 
quantitative predictions on the solubility of such substances, which are in 
remarkable agreement with experience. 

The solution of a high paraffin in a lower member of the same series 
was first considered. In this case the heat of dilution, according to ex- 
perience, is very small; this is understandable because any given molecule 
of the paraflSn undergoing solution is surrounded by CH 2 groups regardless 
of whether it is in the state of a pure substance or in that of dilute solution. 
If the solvent (say CeHu) is mixed with the substance to be dissolved 
(say C20H42), if the latter is already molten, there is practically no thermal 
effect attending the mixing. The total magnitude of AH is, therefore, to be 
attributed in this case to the heat of fusion of the long chain paraffin. 
King and Garner^® have proved empirically that the heat of fusion Q 
of normal paraffins increases proportionally to the number Z of the links 
and that for each CH 2 group, this heat gets an increment ( 7 , amounting to 
about 610 cal. per mol. We may therefore state 

—aR = Q = Z*g. 

According to experience, the melting point increases with increasing chain 
length, following the empirical relation 


in which the constants a and h have the following values in normal paraffins 

a = 2.395 X 
6 = 17.1 X 10-3. 

Table 78 shows how well this relation represents the melting points in the 
region from C 12 upwards. By applying the Gibbs-Helmholtz equation to 
the solution process, we obtain 


d InNz 



R 


K. H. Meyer and A. J. A. van der Wyk, Helv. chim. Acta, 20, 1321 (1937). 
A. M. King and W, E. Garner, J, Chem, Soc,, 1936, 1372. 
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or, by integrating between two temperatures lying close together, 

Taking the experimental temperature T as the lower limit of the integra- 
tion and the melting temperature Tf as the upper limit, we obtain 



If the expression (a + b/Z) is inserted for l/IT/, we obtain 



Now, taking the antilogarithm, 

iV2 = Ae-^^ 


A = and 



TABLE 78 

Melting Points op Normal Paraffins 


Cj^2n-\-2 Melting point (Abs.) 

• Melting point (Abs.) 

n 

Tobs. 

locale. 

n 

Tobs. 

Toalc. 

12 

262° 

262,5° 

27 

332° 

330° 

13 

267° 

269.5° 

30 

339° 

337° 

15 

283° 

o 

CO 

00 

31 

341° 

340° 

19 

305° 

304° 

32 

342° 

342° 

20 

310° 

308° 

35 

348° 

347° 

24 

324° 

322° 

60 

374° 

374° 


Table 79 gives a comparison with experimental data; it records the meas- 
ured and calculated solubilities of two higher hydrocarbons in decalin 
(mol. wt. = 138). The agreement is quite remarkable and supports 
the assumptions on which the theory is based; w stands for the saturation 
concentration in weight per cent. It is evident from equation (75) how 
quickly the solubility of chain substances, on the basis of this theory, 
must decrease with increasing chain length, an effect which is entirely 
confirmed by experience. 
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We see in the present case that the experimentally observed increase 
in heat of fusion with chain length is alone sufficient to explain the rapid 
decline in solubility to a first approximation. 

It may be pointed out, however, that, with increasing chain length, 
an additional entropy effect may enter in. As already mentioned (cf . page 
71), there is a considerable gain in entropy when long chains are liberated 
from a crystal lattice, where their internal motion was highly limited, 
to enter the liquid state where they can exhibit free intemal mobility. 
This entropy gain would lower the melting point and increase the solu- 
bility of long chain compounds, and it may be that the higher values of 
WohB. compared with We&u. in Table 79 are connected with this effect. 


TABLE 79 


tcc) 

Vaoalo. 

V>oalo. 

Wobs. 



1 H 70 


25 

8.49 X 10-3 

2.88% 


35.5 

2.79 X 10-2 

8.8% 

7.14% 

40 

4.56 X 10-2 

14.15% 

14.9% 

46 

8.69 X 10-2 

24.7% 

26% 


L60H122 


25 

4.05 X 10- « 

0.0025% 

>0.01% 

40 

7.66 X 10 ‘ 

0.05% 

0.04% 

64.5 

1.03X10* 

3.3% 

4.09% 

68.5 

1.26 X 10-2 

7.3% 

8.19% 

75 

2.84 X 10“2 

15.2% 

23.4% 


The opposite influence has been observed recently. Baker and Smyth®^ 
have pointed out that a relatively high mobility — rotational or vibrational 
—in the crystalline phase of a substance reduces the entropy gain during 
the melting or dissolving processes and, hence, raises the melting point 
and lowers the solubility of the substance. In the cases of tetra-, penta- 
and hexa- substituted benzenes, this influence could be traced very clearly 
and most interesting results were obtained regarding the interactions of 
the different substituents.®® 

W.O.Baker and C. P. Smyth, J. Am. Cheni. Soc., 60, 1229 (1938); 61, 1695, 2063, 
2798 (1939); /. Chem. Phys., 7, 574 (1939). 

C. P. Smyth and G. L. Lewis, J. Am. Chem, Soc.y 62, 721, 949 (1940). 
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/) The Distribution of Chain Molecules in the 
Dissolved State 

K. H. Meyer and van der Wyk®® have attempted to explain the forma- 
tion of aggregates in aqueous solutions of soaps, higher fatty acids and 
the like, by a theory bearing a certain resemblance to the above method 
of consideration which was applied successfully to the solubility of chain 
molecules. They select for the purpose the equilibrium existing between 
isolated molecules of number ni and between associates of two particles of 
the number n^ and so oh and apply the law of mass action. Since the 
addition of a further particle to a group having v particles involves no 
different process than the addition to a group containing (?; + 1) particles, 
it may be assumed that the decrease in free energy is independent of v, 
so that the following must hold 

V'V+2 _ ^ ^ V'Z _ ^ ^ ^^ 0 ^ 

Wi-Wr+i ni-Uv ni-riv-i n\ 

Besides isolated molecules, there are in equilibrium, simultaneously, 
aggregates of 2, 3 . . . , — 1), Vy (v + 1) and so on molecules. 

From (75) it follows directly 

m = n^K 

ns = (77) 


If we consider one liter of such a solution, the total molar concentration 
in relation to the molecular ’weight of the isolated molecule may be repre- 
sented by 


/Sm = V-nv 


ni 

(1 - niK)^ 


(mol per liter). 


At a suggested concentration Sm and association constant Kj it is, there- 
fore, possible to calculate, by the aid of this equation, the concentration 
of the individual molecules and, therefore, using the previous equations 
to find the concentrations of the particles of different size. Figs. 79 
and 80 are distribution curves for an association equilibrium of this 
type assuming different values for if and a constant concentration Sm == 
0.5. For low values of if (if = 0.1), nearly all particles are dissolved 
monomolecularly and only very few are in aggregates of two or three; 


K. H. Meyer and A. J. A. van der Wyk, Helv. chim. Acta, 20, 1321 (1937). 
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high K values {K = 10000), on the other hand, show a fairly flat distribu- 
tion curve which tells us that in this type of solution, having a strong 
tendency toward association — for K is a measure of this — ^micellae of 
several hundreds of single molecules are present side by side with small 



Fig. 79. Mass fractions for different degrees of association at a total concen- 
tration of 0.5 mol per liter {K from 0.1 to 40). 



Fig. 80. Mass fractions niy for different degrees of association at a total concen- 
tration of 0.5 mol per liter (K from 40 to 10000). 

particles even in dilute solution. For average K values there are more 
or less sharp peaks which show that a certain proportion of the solute 
is in the form of micellae of definite size, simulating to some extent condi- 
tions of homogeneity in such a solution. 
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The apparent degree of association Z of such solutions, as is evident, 
for example, from cryoscopic measurements, is given by 

^(Z ~ 1) = K . (78) 

The well known experiments of McBain and his co-workers^® on the micella: 
nature of solutions of higher fatty acids can be interpreted by the aid of 
this theory. 

Another method of treatment has been employed by Hartley^^ who 
assumed that only micellae of a definite size v are present together with 
isolated molecules, and took no account of aggregates Lying between the 
two. If we accept this, we arrive at the result that the formation of the 
micellae would depend very strongly upon concentration, for the law of 
mass action would in this case take the form 


Micellae development would then be very sensitive toward n\ and would 
be determined by something like a critical concentration. 

q) Theories Regarding Interaction between 
Solvent and Solute 

In conjunction with the preceding sections, in which experimental evi- 
dence on the effect of concentration and temperature upon vapor and 
osmotic pressure has been described, it seems fitting to discuss the ideas 
which have been evolved as to the molecular mechanism of interaction 
between dissolved chain-like particles and solvent. Although we are at 
present still far distant from the stage of quantitative and detailed data, 
a few fundamental principles are already making their appearance. 

It seems legitimate to consider two separate possibilities in the interac- 
tion between solvent and solute. 

a) Certain portions of the solvent are attached by intermolecular forces 
to definite places on the dissolved particles where they execute slow vibra- 
tions and set up an equilibrium with the free solvent; this equilibrium 
may be compared with either a vapor pressure or an adsorption equilibrium. 
The forces are localized at quite definite points of the dissolved macro- 
molecule, which may, accordingly, be termed points of adhesion. The 
magnitude of the forces may vary from 1000 to 10,000 cal. per mol of 
adsorbed substance, according to the groups responsible for them. The 
cause of these forces may lie in permanent dipoles possessed by the dis- 

70 E.g. J. W. H. McBain and Betz, J, Am, Chem, Soc., 67, 1909 (1935). 

71 G. S. Hartley, Aqueous Solutions of Paraffin Chain Salts, Paris 1936, p. 23ff. 
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solved particles, which either interact with the dipoles of the solvent or 
attract easily polarizable liquid molecules after inducing a moment in them. 

There is, of course, the further possibility that strongly polar solvent 
molecules seek out easily polarizable points on the dissolved particles and 
remain fixed there because of strong interaction. Finally, the dispersion 
effect may be regarded as still a third reason for this attraction. 

In the case of large, compact particles, these force effects usually lead 
to the formation of monomolecular adsorption layers but they are also 
able to form, in certain circumstances, adsorption films of several layers. 
In these films the binding strength of the individual solvent particle declines 
continuously from the surface of the adsorbent outwards, so that, in these 
cases, a variable adsorption or solvation potential has to be taken into 
account. 

If we attempt to express the number of solvent molecules directly 
bound to the dissolved particles by van der Waals forces, it is best to 
employ the formula for the saturation range of an adsorption isotherm. 
The bound molecules are now prcvsent in large excess and the temperature 
is, in general, sufficiently low for saturation to exist. 

If njY dispersed particles are present in the unit volume of the solution 
whose volume is 7, the number iVi of the solvent molecules bound by them 
will be given by an expression of the form 

Af, = ( 80 ) 

In this, ip stands for the phase volume available to the adsorbed molecules, 
Z for the number of points of adhesion of each separate dissolved particle 
and € for the energy of adsorption in cal. per mol of solvent. All these 
values are naturally to be regarded as average values, since, as mentioned 
above, the points of adhesion differ in nature and in the exact number 
possessed by each dissolved particle. 

b) Very often dispersed colloidal particles have a hollow or sponge-like 
structure. The diffusion pressure of the molecules of the liquid causes 
them to penetrate, in course of time, all the interstices between the dis- 
solved particles, although they are not fixed there by special forces. On 
purely mechanical grounds, the solvent molecules may be retained in the 
interstices for a long time. 

Mathematically, this part can be expressed only incompletely; for it is 
clear that it depends to a high degree on the abundance of cavities or 
on the spongy texture of the dissolved particles. The number V 2 of 
the solvent molecules bound in this way is always, however, proportional 
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to the concentration n/7 of the dissolved particles. We may therefore 
write 


= (81) 

where a is a function of the size and form of the dissolved particles; a will 
be small for small or compact particles but large for large and ragged ones. 

The two cases discussed above occur at infinite dilution, that is, by 
considering only the interaction of a single isolated particle with the solvent. 
But it is necessary to recognize that, even in quite dilute solutions involving 
laminar or chain particles, some, at least of these bodies will come together. 
To some extent, therefore, it will happen in such solutions that the solvent 
particles will orient themselves between the surfaces of slightly separated 
solute particles and suffer distortion of their own structure. The resulting 
immobilization of solvent will be more extensive the more polar are the 
solvent molecules and the greater the number of orienting groups carried 
by the suspended particles. This type of interaction also depends greatly 
on temperature; it is adversely affected by rising temperature on two 
counts. First, the rate of diffusion of the dissolved particles increases, so 
that the duration of the positions favorable to stratification will be short- 
ened, and second, the development of an oriented layer will be hindered 
by the kinetic motion of the solvent molecules. 

Mathematically the number of the molecules iVs of solvent immobilized 
per cm^ in this way may be expressed by 



where 0 splits up into two parts; one corresponds to a frequency-of-collision 
factor and embraces, therefore, the effective cross-section and the average ve- 
locity of the dissolved particles; the second corresponds to a numerical 
factor which indicates how many molecules of liquid can be fixed by two par- 
ticles favorably situated and opposite each other. Naturally, it can only be 
represented in broad outline since it depends, as previously mentioned, on 
the polar properties of the solvent and of the dissolved particles and also 
to a great extent on the shape and the internal mobility of the latter. In 
order of magnitude, however, the experimental material seems to indicate 
that, under suitable conditions, it should be possible to bind in this way a 
quantity of liquid whose volume may constitute up to 20-50 times the dry 
volume of the solute particles or even more. 

If we combine the three effects discussed above, we reach the following 
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result: solvent can be fixed at the surface of the particles by forces, it can 
penetrate by diffusion into the interstices of the particles and there be 
immobilized and join in their kinetic motion and it can be bound between 
two particles by layer orientation. 

If we denote the total volume of solution by F, the total number of 
liquid molecules by N and the volume of any one of these by and take n 
as the total number of dissolved particles and V the dry volume of each of 
these, V may be expressed by 

V = N'Vo + n-v. 

Whereas in normal crystalloidal solutions, the two terms of the sum in this 
equation relate to spatially distinct regions of volume, it is not so in the 
present case. Rather, a certain number Ng of the N molecules of liquid 
present are more closely bound to the dissolved particles and therefore 
are actually to be included with the latter. 

There remain only N/ 

AT/ = = AT ~ (ATi + ATa -f Ns) 

as truly free molecules of liquid. Accordingly, the free volume is not N • Vo 
but NfVo. In accordance with our data 

N/’Vo = [iV ~ {Ni + N2 + Nz)]vo, 

The expressions derived above may be inserted for Wi, N2 and Ns, 
They indicate the effect of temperature and concentration and also the 
absolute order of magnitude of the individual components contributing 
to Ng, If, as has happened repeatedly,^^ the train of thought of the van 
der Waals theory is applied to solutions of this kind, we should insert the 
expression N/Vq in the volume correction. The term (v — b) generally 
used can be regarded as a first, but too strictly ideal, approximation. A 
better approximation is the swelling equation by G. V. Schulz,^® who 
replaced the co-volume b by an expression dependent upon the con- 
centration. 

It must, of course, be emphasized that, in reality — as the swelling 
isotherms have shown — the three types of binding outlined above are 
continually overlapping and it means that certain liberties are taken in 
our definitions of the boundary; they are, however, in line with the experi- 
mental methods available. It we wish to proceed more formally, we might 
speak simply of a part of the bound quantity of liquid greatly dependent on 
temperature and a part independent of temperature, so that the tempera- 

’2 Cf. e.g. Wo. Ostwald l.c. on page 235. 

73 G. V. Schulz, Z. physik, Chem., (A) 168 , 237 (1932). 
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ture-dependent part would appear under 1 and 3 and the temperature- 
independent part under 2; division into 1 and 3 would result only in taking 
the effect of concentration into account in such a way that 1 indicates 
proportionality to concentration but 3 proportionality to the square of 
concentration. In order to obtain a complete description of the behavior 
of suspended particles in a solvent, we must now consider, in addition to 
the force action between solute and solvent, the possibility of gains in 
entropy. It may be declared quite generally that the degree of dispersion 
will be preferred to as great an extent as the degree of randomness resulting 
from its production. If large, chain-like or net-like molecules can thus 
display internal vibrational or rotational motions which were absent before, 
or, if an orientation which existed before is destroyed by the process of 
dispersion, the entropy term will favor solution. 

It will not be easy to put this influence into quantitative form in a given 
case, but it must be taken into account in a general sense; throughout the 
present chapter we have endeavored to emphasize this effect. 

5. The Viscosity of Liquids and Solutions 

One of the most, striking properties of solutions of high molecular weight 
substances is their high viscosity; this has aroused interest both in research 
and in industry. 

In industry, the peculiar viscosity of solutions of liigh polymers has 
played an important role in the fashioning of films, filaments and varnished 
articles of every kind, and it may be said that in many cases viscosity may 
constitute one of the most essential criteria of quality for the solutions used 
industrially. For many years viscosity has been applied as an empirical 
but useful guide to the quality of many materials, so that a whole series of 
standard technical methods for its measurement have been devised.^'^ 

The remarkable phenomena of high viscosity have also aroused scientific 
interest and E. Berl,"^^ W. Biltz,"^® J. Duclaux,^^ Wo. Ostwald^® and 0. 
Sackur^® began experimental investigations in this field over twenty years 
ago. The aim was not only to obtain an empirical insight into viscosity, 

^^Sec: E. C. Bingham, Fluidity and Plasticity, New York 1922. E. Hatschek, 
The Viscosity of Liquids, London 1928. G. Barr, Viscosirnetry, London 1931. First 
and Second Report on Viscosity, Amsterdam 1935 (1939) and 1938. Cf. also the mono- 
graph on ‘Viscosity” in this series. 

E. Berl, Z, ges. Schiess-u. Sprengstoffw., 6 , 82 (1910). 

76 W. Biltz, Z. physik. Chem., 73, 481 (1910); 83, 625, 683 (1913); 91, 705 (1916). 

77 J. Duclaux, Compt. rend., 162, 1590 (1911). 

78 Wo. Ostwald, Kolloid-Z., 24, 7 (1919); 43, 190 (1927); 49, 60 (1929). 

79 O. Sackur, Z. physik. Chem., 70, 477 (1910). 
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but largely to establish a connection between this conveniently measurable 
quantity and the molecular state of the solution, i.e. size, form and internal 
mobility of the dissolved particles. Berl and Biltz recognized quite early, 
through experiments on starch and on cellulose derivatives, that the 
viscosity of solutions of the same concentration increased with increasing 
particle size, although without attempting to establish a quantitative 
relation between the two properties. In recent years this question has 
entered a new stage, particularly through the extensive researches of H. 
Staudinger,®® in that he has devised an equation connecting viscosity and 
molecular weight quantitatively. Tests of the Staudingcr equation have 
led to the accumulation of a large amount of experimental data and to 
considerable theoretical understanding of the conditions. Quite apart 
from the question of the exact validity of this equation, we have in ari}^ 
case to acknowledge its great influence on the development of the viscosity 
problem. 

In the course of this development, systematic experiments with test 
models by F. Eirich and his collaborators®^ and the closely related theoreti- 
cal studies of E. Guth and R. Simha,®^ begun at the suggestion of the au- 
thor, have contributed to the elucidation of the problem. The studies and 
calculations of M. L. Huggins®'^ and W. Kuhn®^ have cleared up many 
essential points. 

It will be the purpose of the following sec^on to describe the present 
status of our ability to connect viscosity with molecular structure by 
applying physico-chemical methods to high molecular weight substances. 
It seems fitting, as in the treatment of vapor pressure lowering and of 
osmotic pressure, to go further into the principles underlying viscosity of 
solutions and to discuss first the measurement and theoretical significance 
of the viscosity of pure liquids. 

a) The Normal Viscosity of Pure Liquids 

Apart from surface forces and compressibility, observations and measure- 
ments show that the differential equations of hydrodynamics in their 

See particularly the book Die hochrnolekularen organischen V erbindungerij 
Berlin 1932, p. 56, 489 etc. Also more recently: Kolloid-Z.^ 82, 129 (1938). 

Cf. e.g. F. Kirich and H. Mark, Ergeb. exakt, Naturw., 16, 1 (1936): F. Eirich, 
H. Margaretha and M. Biinzl, Kolloid-Z,, 76, 20 (1936); F. Eirich and J. Sverak, 
Kolloid-Z., 86, 16 (1938). F. Eirich and R. Simha, J. Chem. Phys., 7, 116 (1939). 

See e.g. PJ. Guth and R. Simha, Kolloid-Z., 79, 266 (1936). 

83 M. L. Huggins, /. Phys. Chem,, 42, 911 (1938) ; 43, 439 (1938) ; J. Applied Phya., 
10, 700 (1939). 

8^ W. Kuhn, Z. physik. Chem., (A) 161, 1 (1932). 
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simplest form are not suflSicient to describe the conditions which prevail 
in real liquids. There exists always a considerable amount of internal 
friction and it is, therefore, important to consider the interactions which 
exist between two liquid planes moving in relation to each other. These 
interactions are caused by the van der Waals forces between the separate, 
rather closely packed molecules of the liquid. These forces, which macro- 
scopically are compensated fairly accurately in the stationary liquid, 
induce frictional effects in the flowing, self-deforming phrase; the kinetic 
energy of a flowing liquid, left to itself, is converted gradually into heat. 
The more viscous the liquid, the more rapid is this process: viscosity and 
internal friction can be regarded as equal to each other. 

Newton was the first to realize that the force corresponding to this 
performance of work against internal friction behaves entirely differently 
from that operating in external friction; he assumed that the shearing force 
of internal friction r is proportional to the surface f, and to the relative 
velocity u of the liquid planes in relative motion. By conversion to the 
limiting value for infinitely thin planes, he was able to write 

du 

T ^ rj-yf ( 83 ) 

as 

The proportionality constant rj in this Newtonian Law bears the name 
viscosity; its dimensions are 

[rjl = 

The unit viscosity in absolute (cgs) units — one poise— is possessed by any 
liquid in which the force of 1 dyne is necessary to maintain a velocity 
gradient of 1 cm per sec per cm perpendicular to a surface of one cm^. In 
this case also the power expended is 1 erg per sec. 

It is evident from the above that a certain shearing stress must prevail 
between the planes of a liquid in stream-line flow in order to maintain 
the motion. In internal friction (as well as in external friction) a work 
transference into heat takes place. 

To give an idea of the magnitude of this work transference in moving 
liquids in a few important cases, attention is directed to Table 80 which 
gives some coefficients of viscosity at different temperatures in absolute 
units. From them it may be deduced that in water two planes, distant 
one cm from each other, with one stationary while the other moves forward 
at a velocity of one cm per second, can transfer the force of one mg to a 
surface of about 100 cm^. In a one per cent solution of nitrocellulose in 
acetone, this capacity for force transfer is about 700 times greater. 

We may proceed in various ways to measure the coefficient of viscosity. 
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Three methods, however, have proved very simple and they, only, will be 
described here. For the many other ways of determining viscosity by 
direct or indirect means the original literature should be consulted.®® 

The classical methods of determining the viscosity of liquids are the 
following: 

a) Flow of a Uquid through a cylindrical tube. 

b) Motion of a solid body, generally a sphere, in a liquid. 

c) Observation of the behavior of a liquid between two concentric 
cylinders of which one is stationary and the other in rotation. 


TABLE 80 

Viscosities of Some Important Liquids 


Substance 

Temperature in 
degrees Centigrade 

in (g cm-i seo'^I 

Water 

0 

0.0175 

Water 

20 

0.0100 

Water 

80 

0.0035 

Alcohol 

20 

0.0121 

Benzene 

20 

0.0064 

Aniline 

20 

0.0447 

Glycerine .... 

21 

7.78 

Nitrocellulose 1% in Acetone 

20 

6.75 

Acetyl cellulose 1% in CH 2 CI 2 ... 

20 

4.88 

Alkali cellulose 1% in Schweizer's Reagent 

20 

5.53 


a) If the fundamental equations of hydrodynamics for viscous liquids 
are considered from the point of view of finding simple relations for deter- 
mining 7 ], it is evident that one must necessarily realize conditions in which 
stream-line flow occurs, as far as possible, so that the effects of inertia 
may be neglected. These effects are always active in the case of turbulence 
but practically cease in the case of purely laminar flow, which is character- 
ized by the fact that all the particles of the liquid possess parallel velocity 
vectors. Such an approximation results in such great simplification of 
the hydrodynamic equations for viscous liquids that it permits integration 
in an elementary way which need not be discussed here. It gives directly 
the velocity distribution in the system considered as well as the amount 
of liquid flowing in a given time through the tube and other data relevant 

E.g. C. Engler, Z. angew. Chem.j 6, 725 (1892); 20, 832 (1907); B. Redwood, 
J. Soc, Chem. Ind. Japan, 6 , 121 (1886); S, Erk, Chem. Fabrik, 1, 715 (1928); E, Grli- 
neisen, First Report on Viscosity, 2nd ed., Amsterdam 1939, p. 112ff.; C. J. van Nieu- 
wenburg, Second Report on Viscosity, Amsterdam 1938, p. 241ff, 
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to the determination. Thus, the following equation is obtained for the 
velocity distribution in a tube of radius a and length l\ 

M = - »•') (84) 

4?; I 

It is immediately evident that the rate of flow u must be proportional to 
the pressure gradient Ap, and inversely proportional to the length of the 
tube and to the coefficient of viscosity r\. The distribution of the velocity 
over the cross-section of the tube is parabolic; at the wall 

r — CL 

there is zero velocity, while on the axis of the tube u assumes its maxi- 
mum value 


__ a? Ap 
"Wmax — ~ * * 

4:ri I 

The velocity gradient, considered over the cross-section, is not constant 
but is dependent on r according to 


du 1 Ap 

dr 2rj I ^ 


and reaches its highest value at the wall. The conditions are illustrated 
in Fig. 81. 



Fig. 81. Flow section of a 
viscous liquid in a cylin- 
drical tube. 


The total volume of liquid V flowing through 
the tube in unit time is obtained by a simple 
integration; it is 

y = (85) 

or; i 

This equation was first derived by Hagen and 
Poiseuille and constitutes the principal law of 
flow. It offers a very suitable means of deter- 
mining rj experimentally, since the four quanti- 
ties Vy a, I and Ap are all easily measurable. 

The following are special provisos for the 
validity of the above equations (84) and (85) : 

a) Newton^s law connecting shear stress and 
velocity gradient must hold and 

b) there must be no turbulence in the flow- 
ing liquid. 

The first condition depends on the nature of 
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the liquid or solution and may not always be capable of realization, 
although approximately true in the majority of cases. On the other hand 
turbulence can be controlled by sufficiently decreasing the velocity of flow. 

b) At low velocities and with dimensions of the apparatus which are 
large compared with molecular dimensions, the movement of a solid body 
in a viscous liquid can be expressed mathematically so simply that the 
corresponding differential equation may be integrated. In this case, 
however, the calculation is not strictly accurate but a near approximation, 
because it is impossible to exclude turbulence entirely. The limits within 
which the following equations may be applied must be carefully checked 
experimentally in each case or tested on theoretical principles. 

If a sphere of radius a, which must be large compared with molecular 
dimensions, attains a velocity u in a viscous liquid, a force K is required 
whose magnitude is given by the equation of Stokes : 

K = Qirrja-u (86) 

In falling ball experiments in liquids, the rate at which a sufficiently large 
sphere sinks slowly in a viscous medium will be given by 

u « m « F(pi - P 2 ) (87) 

oinja 

g = acceleration of gravity 
V = volume of the sphere 

Pi and p2 == density of the ball and density of the liquid, respectively. 

Since, in equation (87) the acceleration due to gravity g is known and the 
rate Uj the radius a and the apparent mass m can easily be measured, it 
affords a simple means of determining the coefficient of viscosity. When 
the movement of the sphere is very slow, the container sufficiently wide 
and the sphere sufficiently large, values of rj are obtained in excellent 
agreement with those determined by other methods. 

Oseen®® has suggested a more exact formula in which, owing to the fact 
that the inertia effect never entirely disappears, the quadratic term in the 
velocity u is taken into account. The fored for attaining a given rate u is 
then greater because inertia must be overcome as well as the internal 
friction of the liquid. 

c) The third — perhaps the most reliable — method for determining the 
coefficient of viscosity is that of Couette.®^ Two concentric cylinders of 
radii ri and r 2 are so arranged that one is stationary while the other is 

C. W. Oseen, Ark. Mat. Astron. Fysik, 6, 29 (1910); 9, 16 (1913). 

J. Couette, J. physique radium, 9, 666 (1891). 
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rotated with the angular velocity U. The space between is filled with the 
viscous liquid of viscosity rj. The velocity distribution is given by 



a relation which is easy to check, since for 


r = n 

the rate of the liquid is equal to that of the rotating cylinder, while for 

r — n 


it disappears, as it must do, if the inner cylinder is to remain at rest. 

If both cylinders have the same height A, the turning moment /x necessary 
to maintain continuous motion is given by 




2TvUh 

r; - rl 


( 88 ) 


or, for a small thickness 5 of the layer of liquid between the two cylinders, 

5 = f2 — ri -C ri 

by 

M -= 2xnVh 


since the values Uj h, d and Vi can be readily measured by a suitable 
experimental arrangement, this method affords a possibility of determining 
the coefficient of viscosity, which is frequently of special importance be- 
cause, by suitable choice of the velocity of the rotating cylinder, it is 
possible to work with quite small shear stresses and to study the behavior 
of the liquid under quite small forces. It is usual to suspend the stationary 
cylinder on a torsion wire, and to determine directly by means of a mirror 
reading the torsional force to which it is subjected by the liquid. 

Under the conditions prescribed, the methods outlined above always 
give identical values for the coefficients of viscosity of pure liquids assum- 
ing that turbulence does not exist and that Newton’s law connecting 
velocity gradient and shear stress truly represents the conditions. This 
is actually the case, as is known from experience, for the majority of pure 
liquids, but there are exceptions, which appear important for our purpose 
because they concern liquids made up of long chain substances; as we shall 
see later, these play an important part in the realm of high polymer solu- 
tions. It has been proved impossible in many cases to describe the me- 
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chanical behavior of a liquid by a simple coefficient of viscosity. The 
relationships are often- complicated and more constants are required for 
expressing completely the response of the particular system to a mechanical 
stress. Before going further into these flow anomalies we shall discuss 
briefly some recent attempts to explain the coefficient of viscosity of 
pure liquids. 

b) Theories Regarding the Viscosity of Pure Liquids 

In connection with the researches into the structure of liquids men- 
tioned above, a series of very interesting attempts has been made to 
investigate the internal friction of pure liquids from the standpoint of 
molecular theory. 

Van der Waals, Jr.^® derived an equation for the coefficient of viscosity 
based on the idea that internal friction arises as it does in a gas, where 
the momentum is transmitted from molecule to molecule by collisions. 
He obtains for r] the expression 

7 } = 0.3S5n^d*ma 

rif d and m number, diameter and mass of the molecules 



6 = energy difference between the average energy of a molecule and the energy at 

the moment of collision 

6 = co-volume 

Andrade®^ has proceeded on entirely different principles to obtain the 
following expression for tj 

1*33 

d 

See especially First and Second Report on Viscosity and Plasticity^ Amsterdam- 
New York, 1935 and 1938; furthermore E. C. Bingham and S. D. Stookey, J. Am. 
Chem. Soc., 61, 1625 (1939) and E. P. Irany, J. Am. Chem. Soc., 60, 2106 (1938); 61, 
1734 (1939). 

See especially: Second Report on Viscosity and Plasticity, Amsterdam-New 
York, 1938, p. 38 et seq. and J. D. van der Waals, Jr., Proc. Acad. Amsterdam, 21, 
743 (1918). 

E. N. da C. Andrade, Phil. Mag., 17, 497 (1934). See also Second Report loc. cit. 
Chapt. II, p. 5-20. 
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The value of p is best determined from the Lindemann melting point 
formula and is given by 



Ts = melting temperature 
M — molecular weight 
Vm = molecular volume. 


We then obtain for the viscosity of a liquid at the melting point the 
expression 

,. = 5-1 X (89) 

This very simple formula enables the viscosity of liquid metals to be 
expressed with very satisfactory accuracy as a function of their melting 
point, as is seen from Table 81. 


TABLE 81 


Substance 

7 ] observed 

ij calculated according to (00) 

Hg 

0.021 

0.021 

T1 

0.028 

0.025 

Sn 

0.020 

0.019 

Cu 

0.038 

0.039 

Sb 

0,024 

0.015 

Bi 

0.023 

0.023 


From the very numerous formulas advanced, we shall choose only that 
of Herzog and Kudar;®^ it is closely related to the expression of van der 
Waals, Jr. and its principal aim is to rationalize, with the aid of molecular 
theory the empirical equation of Batschinski®- 


77 * 7-90 X 10-® 


Mi (v - b] 


V = specific volume at the melting point 


which is in harmony with experiment. Herzog and Kudar obtained an 
expression of the form 


V 


3-55 X 10-5 


T\vi 

Mi (» - 6 ) ■ 


It is evident that there is satisfactory relationship between the two ex- 
pressions up to a factor of the order of magnitude 2. 

»» R. 0. Herzog and H. C, Kudar, Z. Physik, 80 , 217 (1933); 83 , 28 (1933). 

A. J. Batschinski, Z. physik, Chem.j 84, 643 (1913). 
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All current theories show that the viscosity of liquids is mainly due to 
their dense packing which is a consequence of the forces between the mole- 
cules. The characteristic lowering of viscosity with rising temperature 
depends essentially on the effect which temperature has upon specific vol- 
ume, a point still awaiting final elucidation. 

An interesting method of treating viscosity of binary mixtures theoret- 
ically has been devised by van der Wyk®^ and will be discussed on page 000. 

c) Anomalies in the Flow Properties of Pure Liquids 

According to the Hagen-Poiseuille law, the volume of a liquid V, which 
flows through a capillary of radius a in time t is given by the expression 

The amount is thus proportional to the product of pressure difference and 
time of flow. Small pressure differences give, for equal cross-sections, 
long periods of flow ; large pressure differences give correspondingly shorter 
periods. In many liquids, e.g. glycerin, lactic acid, and in numerous 
solutions, such as cane sugar, this proportionality between the total amount 
of liquid flowing through the viscosimeter and the product Ap4 is, in fact, 
well satisfied over large pressure ranges. Frequently, however, we come 
across exceptional deviations, for example, in lubricating oils and, particu- 
larly, in solutions of high polymers. 

Considering the Hagen-Poiseuille formula we find that the departures 
from the behavior expected from Newton^s law can be represented, if we 
substitute for the Newtonian expression a more general relation between 
velocity gradient and shear stress. Many workers have endeavored to 
find an expression which would satisfy experimental facts. Rabino- 
witsch,®® Reiner®® and Weissenberg,®"^ particularly, have interested them- 
selves recently in the anomalous behavior of viscous liquids. 

In the first instance, Bingham®^ suggested a substitute for the New- 

92a See e. g. H. Eyring, J. Chem. Phys, 4, 283 (1936); R. Simha; ibid. 7, 202 (1939); 
compare also H. Eyring^s contribution at the Gibson Island Conference of the 
AAAS in July, 1940. 

93 A. J. A. van der Wyk, Nature, 138 , 845 (1936). 

9^ See e.g. Literature references in H. Mark, Physik und Chemie der Cellulose, Ber- 
lin 1932, p. 74; also especially R. Houwink, Second Report, Amsterdam, 1938, p. 185 
et. seq. 

9® B. Rabinowitsch, Z, physik. Chem., (A) 146 , 1 (1929). 

98 M. Reiner, Kolloid Z., 60, 199 (1930); /. RheoL, 2, 337 (1931). 

97 K. Weissenberg, Kolloid Z., 46, 277 (1928). 

98 E. C. Bingham, l.c.p. 
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tonian equation which was adopted by Freundlich and his co-workers®® 
and was tested experimentally and discussed in detail by Reiner.^®® 

We may consider the following concept: In the theory of elasticity of 
solid bodies, the shearing stress is proportional to the elastic displace- 
ments which the separate particles of the body undergo during deformation. 
In the theory of normal frictional liquids, these are directly proportional 
to the velocity at which the liquid planes glide over one another; they 
disappear if the velocity and, therefore, the velocity gradient, is zero. If 
we assume that a liquid possesses something of the properties of an elastic 
solid, it is easy to imagine that it may withstand definite shearing forces 
without flowing and that it possesses therefore a kind of flow limit. Suffi- 
ciently small shearing stresses would produce no motion in the liquid, but 
would merely store up a certain amount of elastic energy of tension. 

This is the behavior envisaged if the expression 

T == t? 4" T" 
as 

is substituted for the Newtonian law, from which it is clear that the shear- 
ing stress T on the left hand side corresponds to the sum of the two terms 
on the right hand side: 

1. The movement of liquid, characterized by 



2. the elasticity, designah^d by 

In this case, evidently performs the function of a flow limit for the 
liquid exhibiting anomaly and constitutes a second constant necessary 
for defining the rather more complex conditions now prevailing. So long 
as the shearing stresses are smaller than this flow limit, it will only be a 
matter of energy being stored in the liquid and there will be no movement. 
Only when the shearing stress exceeds the flow limit, will a velocity gradient 
be produced in the observed system. 

It is possible to calculate the behavior of an anomalous liquid in the 
three cases discussed — capillary flow, falling sphere and Couette flow — 
by substituting the Bingham expression for the Newtonian law and obtain- 
ing different equations for the amount of liquid passing through the capil- 
lary, the times of fall, etc. 

Szegvari^®^ has shown that the behavior of many inorganic sols, e.g. 

H. Freundlich, Z. physik. Chem.y 108, 153, 175 (1924). 

100 M. Reiner, Kolloid Z., 60, 199 (1930). 

101 A, Szegvari, Z. physik. Chem.y (A) 146 , 1 (1929), 
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V2O6, AI2O8, Ce02, Fe203, and also of some dyestuff suspensions — benzo- 
purpurin, cotton yellow, etc. — can be described by the simple law ( 90 ) 
in good agreement with experiment. On the other hand, high polymeric 
substances in particular cannot be treated satisfactorily in this way. 
Numerous experiments on the viscosity of starch, gelatin, rubber and 
cellulose derivatives show that we must assume a more general relation 
between the shearing stress r and the velocity gradient 

du 

ds 

if the flow properties of these complicated systems are to be formulated. 

In discussing these relationships, it is convenient to replace the viscosity 
7 ] by the fluidity (p according to the equation 

rj‘<p == 1 . 

Newton’s law is then written 


and Bingham’s 


du 

ds 


<P-T, 



In the first, the velocity gradient is directly proportional to the shearing 
stress. Rabinowitsch and Weissenberg,^^^ to whom we are indebted for a 
comprehensive treatment of the phenomena in question, have shown that 
an indeterminate function 


may be introduced in the calculation of Poiseuille flow, so that it enters 
into the final result and can be determined by comparison of this result 
with experiment. It is thus possible to determine empirically in this way 
the function replacing the Newtonian law, a process which has been carried 
out on a series of liquids and solutions by the authors mentioned. 

The fact emerges that glycerin, castor oil and honey exhibit no de- 
partures from the Hagen-Poiseuille law and are to be classed as normal 
viscous liquids. In contrast, solutions of acetyl cellulose and nitro- 
cellulose in acetone and of rubber in benzene depart materially. Com- 
bined investigations of the effect of pressure, time and capillary dimensions 


B. Rabinowitsch and K. Weissenberg, Kolloid Z., 39, 80 (1926). 
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on the flow of the liquid enable the modified theory to be tested thoroughly 
and a suitable expression for the systems mentioned to be found. This 
has the form 

du 

T = 8ar + 10&r2; (91) 

ds 


in this 


r Ap 

"" "" 2T 

r = capillary diameter 
Ap = pressure difference 
I = length of capillary 

a and b are two constants of the liquid which have, however, no direct 
and clear physical meaning. 

The new law contains a quadratic term in r, instead of the supple- 
mentary term of zero order which has the physical significance of a flow 
limit. The theory of elasticity of solids obviously does not fit the solu- 
tions named. In the limiting case of quite small velocity gradients, the 
Newtonian law holds and not Hookers law, which is characteristic of elastic 
bodies. A liquid defined by the law begins to flow only at infinitely small 
shearing stresses, in which initially the behavior approaches that of a 
Newtonian liquid, owing to the subordinate importance of the squared 
term. If the shearing stress is increased, the quadratic term becomes 
appreciable and the velocity gradient increases out of proportion to the 
shearing force. A liquid of this type is, in respect to its properties under 
mechanical stress, further removed from an elastic solid than the normal. 

M. Reiner,^®^ in connection with measurements of Herschel and Bulkly^®^ 
on benzene solutions of rubber, has proposed a law of the form 

du 

— - ar + - cr8 (92) 

ds 

which, as is evident, may be regarded as a development of those derived 
by Rabinowitsch and Weissenberg mentioned above. 

To sum up, we may say that two types of departures from the normal 
behavior of a viscous liquid have been observed experimentally and 
discussed theoretically. Neither relate, as a rule, to pure liquids, which 
exhibit Newtonian behavior predominately, but to solutions or sols. 
The departures may be described as follows; 

108 M. Reiner, Kolloid Z., 89, 80 (1926); 60, 109 (1930); J. RheoL, 1, 14 (1929). 

W. H. Herschel and R. Bulkly, Kolloid Z., 39, 291 (1926) ; J. Rheol,, 1, 506 (1930). 
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a) The solution resembles a solid, it has elastic properties and its 
hydrodynamics are governed by a relation of form (90), which is sub- 
stituted for the Newtonian law in the principal equation of hydrodynamics. 
Such solutions exhibit elasticity or rigidity. In addition to the coefficient 
of viscosity, a coefficient of elasticity is necessary for their definition. 
Examples of such systems are sols of AI2O3, Fe203, Ce02, V2O6, benzo- 
purpurin, etc. 

b) To express the hydrodynamics of a solution of high polymers, it 
appears necessary to employ, instead of the Newtonian expression, one of 
the form 


■— - = ar 4* Ct* • • • (93) 

as 

This indicates a departure in the opposite sense from the earlier one, i.e. 
in the direction that, at infinitely small shearing forces the Newtonian 
behavior appears as the limiting value, while the solution becomes increas- 
ingly more fluid and mobile with increasing r. Here, also, the coefficient of 
viscosity, calculated formally from the Hagen-Poiseuille law, decreases 
with increasing shearing stress but in an entirely different way from that 
in elastic liquids. 

Fig. 82 will illustrate the conditions; in this the coefficient of viscosity 
indicated by Poiseuille's law is plotted against shearing stress. A normal 
liquid is characterized by a constant vj and appears in the diagram as a 
horizontal line. Elastic fluids, or solutions, have a larger rj at small r 
values, which decreases slowly to the Newtonian value. Super-fluid 
solutions, on the other hand, show normal behavior under the smallest 
shearing forces and progressively lower values for rj with increasing r. 

In the two anomalous cases, the coefficient of viscosity decreases with 
increasing shearing stress, the one in the direction of Newton-Poiseuille 
behavior and the other away from it. 

This must be interpreted by the fact that changes in structure arise 
from the mechanical strain in the solution. In the first case it may be 
assumed that any structure which has been produced by the interaction 
of dissolved particles in the liquid is destroyed by shearing stress. Direct 
observation of sol elasticity by Freundlich and Seifriz^^® supports this view. 

On the other hand, the behavior appears to be entirely different in 
sols of high molecular weight substances. Here, also, the fluidity increases 
with increasing shearing stress but, obviously, not because an existing 
structure is destroyed; probably it is because orientation of the particles 


H. Freundlich and F. Seifriz, Z. physik. Chem,, 104, 233 (1923). 
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takes place during the flow of such systems, or, if flexible primary valence 
chains are dispersed, they may be stretched and flattened out by the flow. 
Both effects naturally reduce frictional resistance and induce the behavior 
represented in Fig. 82, curve 3. 

After this brief discussion of the viscosity of pure liquids, it is time to 
pass to the question : Is it possible to draw deductions from measurements of 
the viscosity of solutions, regarding the magnitude, form and internal 
mobility of the dissolved or dispersed particles and the energy interactions 
between them? 

We are still a long way from a satisfactory answer to this question, but 
experiments directed to the problem have made important contributions 
to the knowledge of solutions of high polymeric substances and at the 
same time many theoretical points of view have been brought up. 



shearing stress in arbitrary units 

Fig. 82. Departure of viscosity from normal behavior. 


In the following section we shall first review briefly the theoretical 
ideas developed to describe and explain the viscosity of solutions. Then 
we shall enumerate some relations connecting directly measurable vis- 
cosity with data on size, form and properties of the dissolved particles, 
which are of particular interest to us. In this connection we shall review 
the existing experimental material and discuss particularly the model ex- 
periments of Eirich^^® and his co-workers. A closing section will deal with 
general results relating to high polymers, while details in regard to the 
different high molecular weight substances previously investigated will be 
reserved for another volume. 

d) Viscosity of Solutions 

The number of papers concerning the viscosity of binary mixtures 
of solutions of low molecular weight substances is considerable. In spite 

F. Eirich, Kolloid Z., 74, 276 (1936); 76, 20 (1936); 81, 7 (1937); 83, 108 (1938). 
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of the abundant experimental material, theoretical treatment is difficult 
because a satisfactory theory of pure liquids did not exist until quite 
recently. 

We are better provided for in regard to the viscosity of suspensions, 
and, since solutions of high polymers represent transition stages between 
solutions and suspensions, we shall first discuss solutions of low molecular 
weight substances, then suspensions and, finally, high polymers. 

Van der Wyk^®^ has advanced a theory of viscosity of binary mixtures 
based on Andrade\s theory of the viscosity of pure liquids referred to above. 
He tried to find an explanation first for the processes in normal binary 
mixtures. The formulas current for these mixtures, 
which represent viscosity as dependent on the con- 
centration of the constituents, arc, however, without 
exception, empirical laws. Attempts have certainly 
been made to give theoretical support to the laws 
but they usually turn out to be not quite successful. 

Therefore Kendall, in a series of extremely careful 
experiments, has suggested that the practical use- 
fulness of these interpolation formulas is slight as 
soon as the viscosities of the two components of the 
mixture exhibit large differences. 

Accordingly, for treating solutions, it is necessary 
to start from pure liquids. Relinquishing hydro- 
dynamic concepts, the liquid is conceived as a closely 
packed molecular discontinuum. If a stationary 
laminar flow prevails in such a structure, liquid 
planes (flat or curved) are displaced parallel to one /I B 

another in the direction of flow. Let us consider a pjg § 3 ^ Laminar flow 
section including the direction of flow and the in a liquid, 

velocity gradient, e.g. a section along the axis 
of a capillary through which the liquid is forced (Fig. 83). 

To maintain the flow, a suitable and continuous amount of work must 
be performed. The plane moving fastest continually loses kinetic energy. 
Hence, the molecules in this layer will lose a part of their forward mo- 
mentum by transfer of kinetic energy in a direction perpendicular to 
that of flow. This liberation of kinetic energy does not constitute an 
equivalent gain to the adjacent plane; rather it causes a temperature 
increase, because friction converts the mechanical energy into heat. 

A. J. A. van der Wyk, Nature, 138, 846 (1936). 

108 See, e.g., J. Kendall, /. Am, Chem, Soc,, 39, 1785 (1917). 
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The friction between the two planes is, however, not to be regarded 
as directly analogous to external friction, because the internal friction of 
liquids is practically independent of pressure, as Coulomb showed long ago. 

On the other hand, the process may not bo directly compared with 
the internal friction of gases. In the latter the transmission of momen- 
tum is caused by an interchange of molecules between the planes or by 
extinction of momentum through a collision between a molecule in one 
plane with a molecule in another. If this process determined the friction 
of liquids, the friction would increase with rising temperature (at constant 
volume), as in gases. The internal friction of liquids, however, usually 
decreases greatly with increasing temperature. Accordingly, it is rea- 
sonable to assume that the transmission of molecular momentum (diffusion 
of energy perpendicular to the direction of motion) in liquids is caused by 
intermolecular forces and not by elastic collisions. The fact that the 
viscosity of liquids with high molecular cohesion is high, is in good harmony 
with this. 

It is possible to express statistically the force effect between two neigh- 
boring molecules in a condensed system by imagining that the two mole- 
cules adhere to each other for a given instant of time and remain apart 
and independent for the rest of the time. Andrade^®® visualizes a definite 
oscillation state or even a momentary association as a condition of ad- 
herence. Sheppard^s^^^ view of a mutual orientation of the two molecules 
is equally acceptable. Apart from these differences of outlook, it is clear 
that the transmission of momentum is bound up with a definite state of the 
two molecules. This means that transference of momentum takes place 
always and only if this state exists between two molecules considered. The 
state may be characterized by the energy e corresponding to it. 

According to Boltzmann, the fraction ^ of the molecules which possess 

a definite state of energy e is given at any instant by an expression of the 
form 



On the other hand, however, the number of transferences is propor- 
tional to the loss of kinetic energy of flow of a plane, i.e. is also proportional 
to the internal friction or viscosity. Thus the following holds 


V 



(95) 


109 E. N. da C. Andrade, l.c. 

S. E. Sheppard, Nature^ 126, 489 (1930). 
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This formula enables us to express with reasonable accuracy the dependence 
of the viscosity of simple liquids on temperature.^^^ 

By analogy to the pure liquid, we shall describe a binary mixture as 
a closely packed discontinuum of similarly sized molecules of components 1 
and 2 which are distributed regularly throughout the material. This 
description is to some extent opposed to the hydrodynamic concept, in 
which one component is regarded as the continuum and the other as a 
discrete particle group. 

Streamline flow in such a medium can be expressed as in a pure liquid. 
We flrst imagine a given molecule of component 1, which may lie in plane A, 
(Fig. 83) at the instant at which this molecule assumes the energy state e 
characteristic for the transmission of its momentum mu. The partner in 
plane B to which the momentum is given up is either a molecule of the 
same kind 1 or, possibly, a molecule of component 2. If Wi and are 
the mol fractions of the two components, the probability of the former case 
is proportional to Ni and of the latter to W 2 . 

The state of transmission is not characterized by the same energy e 
in both cases. If €1 is the energy corresponding to the transference for 
the first case and €12 the energy corresponding to the transmission of 
momentum to a molecule of the second kind, the interaction between the 
given molecule in plane A and all the molecules in plane B is proportional 
to the expression Niei + 

The interaction of all the molecules of the component 1 in plane A 
and the whole plane B is then proportional to 

NliNtei 4- iVl2€2) 

Exactly the same holds for the molecules of component 2 in plane A; 
these contribute 

NiiNxen -f N2ex2). 

The total interaction e between the liquid planes is therefore 

6 - NliNi€i + Ai€i 2 ) + N 2 {Niei 2 + A2C2) = + 2 iViiV 26 l 2 4" N^. 

According to (94) and (95) In rj is proportional to the value € at constant 
temperature. By insertion in the above expression and recalling that 
+ ^"2 = 1, we obtain 

In , = N\ In + 2Ni In — + In , 1 . (96) 

Vi2 m 

111 Compare H. Eyring, /. Chem. Phys.^ 4 , 283 (1936) ; R. H. Ewell and H. Eyring, 
ibidem, 6, 726 (1937); F. Eirich and R. Simha, ibidem, 7, 116 (1939). R. Simha, 
ibidem, 7, 202 (1939), where similar expressions are discussed from different points 
of view. 
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The application of this formula to quasi-ideal mixtures is in very good 
agreement with experiment; Table 82 gives a few examples. 

From the above derivation it is evident that the relation between a 
simple function of viscosity and concentration is not linear but parabolic. 
Moreover, a new value rjn appears, termed ^ ^binary viscosity,’’ which 
describes the interaction and with it the friction between two different 
kinds of molecules. jt appears impossible in the absence of these two 
conditions to establish a well-founded interpolation formula. 


TABLE 82 

The Viscosity of Quasi-Ideal Mixtures (in Centipoises) 


hexane (1)— carbon tetrachloride (2) 

benzylbenzoato (1)— toluene (2) 

NiW 

’^obs. 

’^calo. 

iSril02 

’^obs. 

Vic. 

0 

0.97 

0.97 

0 

0.552 

0.552 

9.88 

0.85i 

0.852 

23.7 

I.I83 

1.15 

20.37 

0.742 

0.752 

42.6 

2.016 

2.01 

43.4 

0.586 

0.582 

65.0 

3 . 6 I 4 

3.64 

69.7 

0.462 

0.456 

78.9 

5.O80 

5.15 

84.3 

0.403 

0.405 

90.0 

6.660 

6.67 

100.0 

0.364 

0.364 

100.0 

8 . 45 o 

8.45 

7)12 (calculated) == 0.506 cp. 

7)12 (calculated) = 2.75 cp. 


With the aid of the foregoing, it is easy to understand the reasons 
for the failure of the interpolation formulas previously proposed. These 
expressions can be brought to a common algebraic form, namely, 

fiv) = Cifivi) + C 2 /(rj 2 ). 

It is evident from this form that we have implicitly assumed that /(?;) 
is an additive function of the concentration c. This condition does not, 
however, hold as we have seen above. 

In dilute solutions, i.e. if N 2 <3C Ni and Ni nearly equal one we may 
replace (96) by 

In - = 2Ni In — . (97) 

Vi Vi 

At the same time 


A. J. A. van der Wyk, Compt. rend. soc. phys. hist. nat. Genhve, 64, 133 (1937) 
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where w is the concentration by weight of the (dissolved) substance 2, 
and ilfi and M 2 are the molecular weights of solvent and solute, respec- 
tively. 

Using a definition which has been introduced by Staudinger, we define 
the specific viscosity by 

Vsp ^ - 1 . 

Hence the following equation results from (99) 


In (1 *4" fjapee) — W 


2Mi 

M 2 




At adequate dilution we always obtain ijgp <3C 1 and (99) can be written 


'^sp — 


2Mi 

M 2 



For any given mixture the following holds at high dilution 


(98) 


lisp — ” const* 

Since most liquids in a high state of dilution approach the state of 
perfect solutions, the last equation is applicable in nearly all cases. Ac- 
tually it agrees as regards form both with the empirical Staudinger law 
and with the formula of Einstein derived by hydrodynamic theory. 

In solutions of high polymers in normal solvents, it is only in the range of 
highest dilution that we can be sure that 1. 

Although it is readily evident that the given derivation is not valid for 
molecules of very different sizes, it is possible to secure good agreement with 
experiment if we ignore the exact physical meaning of the constant and 
form equation (98) as follows: 

In (1 -^%7isp) = In rirei = const -ly. 

Vrel ~ == (99) 

m 

This is nothing but another way of writing the equation proposed by 
Arrhenius, which also holds only in regions of dilution (Ai A 2 ). The 
utility of this equation for this particular case has long been recognized 
empirically. (Compare page 294.) 

e) The Origin of Viscosity in Suspensions 

A. Einstein^^® performed a mathematical analysis in 1906 on the origin 
of viscosity in suspensions, which may be described today as the classical 

A. Einstein, Ann: Physik, (4) 19, 289 (1906); 34, 591 (1911). 
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foundation of all researches directed to this problem. His calculations 
relate to the behavior of very dilute suspensions of spherical particles 
and will have to be supplemented and expanded in many respects to 
enable them to express suitably the conditions actually indicated by 
experiments in the domain of high polymers. 

First, it was necessary to consider the viscosity of suspensions of spherical 
particles at somewhat higher concentrations, for which purpose the Ein- 
stein calculation had to be repeated, taking into account the terms with 
higher powers of c. It was then found to be particularly important to 
examine the behavior of non-spherical suspensions, i.e. of rod-shaped or 
laminar particles. In the theories which had to be devised, the necessity 
of distinguishing between coarse and fine particle suspensions was soon 
recognized, because Brownian motion is absent in the former but appre- 
ciable in the latter case. Finally, it was desirable to consider the region 
of higher concentrations of non-spherical particle suspensions also, so 
that, in all, a great number of relations had to be worked out to pave the 
way for a quantitative possibility of answering the questions arising. 

Table 83 summarizes the equations derived hitherto for the specific 
viscosity of solutions and the names of the authors who devised them. It 
may be pointed out that only problems relating to spherical particle 
suspensions have been satisfactorily solved. All other expressions are valid 
only within certain limitations and cannot be formulated with accuracy. 

In connection with the table, the origin of the different formulas will 
be discussed briefly and the most important conditions governing their 
validity indicated. 

The Einstein calculation is based on the following assumptions: 

1. The molecules of the dissolved substance are large in comparison with 
the free path of the molecules of the solvent, but small in comparison 
with the dimensions of the apparatus. The solvent is assumed to be 
incompressible. 

2. The suspended particles are rigid spheres to which the solvent liquid 
adheres completely. 

3. The concentration of the solution is so low that any mutual disturb- 
ance of the particles may be ignored. 

4. The flow should be so gradual that turbulence is excluded and effects 
of inertia are negligible.^^^- 

In regard to removal of these limitations see F. Eirich and O, Goldschmidt, 
Kolloid Z., 81, 7 (1937) and F. Eirich and R. Simha, Monatsh.y 71, 67 (1937). 

Einstein’s formula, according to its derivation, holds only for Couette flow. 
Its usefulness for capillary viscosimeters and the probability of its general validity 
was proved by R. Simha, Kolloid Z., 76, 16 (1936). 
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In this table, c denotes the volume concentration of the dispersed phase, / the axis ratio of the suspended particles 
and k a constant of the order of magnitude 1 (see page 284) . 
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5. The undisturbed flow is represented by a Couette streaming. 

On the validity of these assumptions, the following gives the viscosity 
of suspensions: 

Vo = I?. + 2.5^^ = Veil + 2.6c) (100) 

77c = viscosity at concentration c 
rjo = viscosity of the pure solvent 
<p — total volume of the dispersed phase 
V = total volume of solution 

c = volume concentration of the solution in cmVlOO cm^. 

In using this formula it is customary to employ the relative viscosity 

1 ), = - = 1 + 2.5c 

Vo 

or the specific viscosity following a proposal of Staudinger 

Vap “ Vr 1 2.5c 

or finally the intrinsic viscosity of Kracmer 


The latter gives the relative increase in internal friction due to the presence 
of the dispersed particles at unit volume concentration. 

Einstein’s viscosity law may therefore be expressed thus: If a few 
rigid spheres are distributed in a li(iuid, the coefficient of viscosity increases 
by a fraction which corresponds to 2.5 times the total volume of the 
suspended spheres. 

It is noticeable that the increase of viscosity is connected only with the 
total volume required by the solute, and is independent of whether this is 
occupied by many small or few larger particles, provided, of course, that 
the conditions outlined above are fulfilled. This law cannot, therefore, 
be used for determining particle size, because neither the number nor the 
size of the particles appears explicitly in it. These results are valid, 
moreover, for the flow in a capillary tube, as shown by R. Simha.^^® 

The results of the Einstein calculation have been variously tested 
experimentally and confirmed. Bancelin^^^ and Sven Oden^^® early 
demonstrated with spherical sols of gamboge and sulphur that propor- 

116 R. Simha, Kolloid Z., 76, 16 (1936). 

11^ J. Bancelin, Compt. rend.j 162, 1582 (1911). 

116 Sven Oden, Nova Acta Regiae Soc. Sci, Upsaliensis, (4) 3 (1913); for further 
literature see e.g. H. Freundlich, Kapillarchemief Leipzig 1932. Vol. 2. 
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tionality exists between specific viscosity and concentration if the sols 
are sufficiently dilute. Fig. 84 shows one of their results. Later, F. 
Eirich^^® subjected the 
Einstein relation to test 
in two extensive re- 
searches. Glass spheres 
of radii varying from 

0.0075 to 0.02 cm. and 
spores of fungi, 4-5 fx in 
diameter were used. 

Photomicrographs of 
such spheres show that 
they comply quite faith- 
fully with the demands 
of sphericity and uni- 
formity. These model 
sols were measured in 

different viscosimeters, using special precautions, and the effects of the 
concentration and the dispersion of the solute were tested for small and 
large spheres. Table 84 shows a few results obtained by Eirich and his 
co-workers. 



ff /h Sc/ 

Fig. 84. Proportionality between ^rd and c in 
spherical sols. 


TABLE 84 


Test of EINSTEIN^s Viscosity Equation 


Viscosimeter 

Radius of 
spheres in 
cm X 10“* 

V/c 

'C2 

j 

3 

2.5 (± 0.2) 

9.0 (± 2.0) 

Rotating cylinder method (Couette) \ 

80 

2.5 {± 0.2) 

12 (± 4.0) 

[ 

160 

2.5 (± 0.2) 

13 (zh 2.0) 

1 

8 

2.7 (± 0.3) 

6 (±3.0) 

Capillary tube method (Ostwald) \ 

80 

1.8 (± 0.3) 

— 

i 

160 

2.0 (± 0.3) 

— 

P'alling ball method (Stokes) 

80 

2.4 (± 0.5) 

-- 


They may be summarized roughly as follows: 

1. Specific viscosity is directly proportional to concentration. 

2. The proportionality factor approximates to 2.5; the lower values 
obtained in capillaries can be ascribed, presumably to inertia effects, 

118 F. Phrich, Kolloid Z,, 74, 276 (1936); 81, 7 (1937). 
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according to the experiments of F. Eirich and O. Goldschmidt together 
with some preliminary calculations of R. Simha.^^o 

3. It is immaterial whether there are many small or few large spheres 
present, if the necessary conditions for the validity of the Einstein 
equation are satisfied. 

The fundamental viscosity equation of Einstein is fully confirmed 
by this investigation, which affords considerable support to all the formulas 
derived in this field by the aid of hydrodynamic theory. 

It is evident from Fig. 84 that the range of validity of the linear relation 
between specific viscosity and concentration is relatively small. It 
seemed important, therefore, to examine the dependence of internal 
friction upon concentration at higher concentrations. This was done 
for spherical suspensions, to a first approximation by Guth, Gold and 
Simha,^ 2 i using a method indicated by M. v. Smoluchowski. Under the same 
conditions as before, but now permitting turbulent flow, there was ob- 
tained, on ignoring all terms with cubic or higher powers of c, the equation 

Vc = 170 (1 + 2.6c -f 14.1c2). (101) 

In addition to the linear term with the factor 2.5, there is a quadratic 
term with the factor 14.1. In this approximation, also, the increase in 
friction is independent of the absolute dimensions of the spheres, not, of 
course, quite strictly, because in the process of calculation it has been 
necessary to dispense with certain terms related to the dimensions of the 
dissolved particles. 

The experimental testing of equation (101) is again due to Eirich and 
his collaborators (loc. cit.). As we have seen in the relation between os- 
motic pressure and concentration, it is best to plot the value of rjsp/c 
against c, whereupon, provided equation (101) is valid, a straight line is to 
be expected, whose ordinate intercept must be 2.5, while its slope towards 
the c axis corresponds to the factor 14.1. 

Table 84 also shows the result of Eirich^s experiments. As mentioned, 
the ordinate reading is quite accurate, but the mutual interaction of the 
spheres, which is expressed in the angle of inclination of the curve, is not 
indicated with the same exactitude. However, in view of the difficulties of 
the experiment, the approximation may be regarded as satisfactory. 

If we consider the nature of the influence between the suspended spheres, 

120 Y. Eirich and O. Goldschmidt, Kolloid Z., 81, 7 (1937) ; F. Eirich and R. Simha, 
Monatsh., 71, 67 (1937). 

E. Guth and R. Simha, Kolloid Z., 74, 266 (1936) ; O. Gold, Dissertation^ Vienna 

1937. 
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we see that disturbances arise which are caused, not by direct forces of 
interaction between the particles — for at the highest concentrations 
involved their average distance is still too great — but by the additional 
currents caused by the presence of the spheres in the liquid — currents 
which mutually disturb one another. Occasionally the opinion has been 
expressed that viscosity depends on concentration in a way suggesting that 
far-reaching forces are active between the dissolved particles. Actually it 
is not a question of such forces but of the mutual influence on the flow of 
liquid as modified by the particles.122 

It is considerably more difficult to calculate the rise in viscosity of a 
liquid if rod-shaped, instead of spherical particles are suspended in it. 
Jeffery ^23 work on this problem and, by applying hydro- 

dynamic principles, he extended the Einstein theory to ellipsoids. Here 
the essential conditions for the Einstein concept — very dilute solution, 
rigidity of particles and gradual flow — are preserved. The calculation 
process also is analogous but two new complications arise: 

a) Under the influence of flow, the suspended particles execute a spin- 
ning motion which leads to uncertainty in the results, to the extent that 
the final state of the planar distribution of the particles is dependent on 
the non-definable initial state and the relative viscosity is considerably 
affected. 

b) Owing to the effect on orientation, Brownian molecular motion enters 
into the process and influences the end result. If, for example, the sus- 
pended particles are so large that the Brownian motion exerts no appreci- 
able effect on them, then there is the uncertainty mentioned under (a) 
and discussed by Jeffery, Eisenschitz,^^! Kuhn,^^^ Huggins^^® and by 
Guth^^^ and Simha.^^s however, the particles are small, the directional 

122 Concerning the causes of the two other principal mechanisms of interaction, 
solvent immobilization and anisotropic particle form, see e.g. B. E. Hatschek, 
Kolloid Z., 9, 280 (1912); H, Fikentscher and H. Mark, Kolloid Z., 49, 185 (1929); 
F. Eirich and H. Mark, Ergeb. exakt, Naturwiss.y 16, 1 (1936); R. Burgers, First 
Report of Viscosity and Plasticity ^ Amsterdam, New York 1935. 

128 G. B. Jeffery, Proc. Roy. Soc. London^ (A) 102, 163 (1923). 

124 R. Eisenschitz, Z. physik. Chem.j (A) 163, 133 (1933). 

125 W. Kuhn, Kolloid Z., 62, 269 (1933). 

126 M. L. Huggins, J. Phys. Chem., 42, 911 (1938); 43, 439 (1939). 

127 E. Guth, Kolloid Z., 74, 147 (1936); 76, 15 (1936); R. Simha, J. Phys. Chem., 44, 
25 (1940). Compare also A. Peterlin, Naturwiss 26, 168 (1938). 

128 To avoid this uncertainty, Jeffery assumed that the particles preferred posi- 
tions corresponding to a minimum of dissipated energy (viscosity). A film taken by 
F. Eirich and J. Sverak afforded confirmation only for compact rods while more 
extended ones were found in maximum positions. This behavior was explained by 
R. Simha in unpublished researches by the * ‘method of small oscillations.^' 
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effect of the hydrodynamic forces will constantly be destroyed by the 
thermal impacts of the solvent molecules and the effect of Brownian motion 
is to change the mathematical results. 

Jeffery^s calculations were supplemented and extended by Boeder/^a 
Eisenschitz,^^® Kuhn^^^ and by Guth and Gold.^^^ result was a great 
number of relations between specific viscosity, concentration and axial 
ratio according to the special assumptions and approximations made about 
the suspended particles and their behavior in the field of flow. 

For the case of comparatively high concentrations and no Brownian 
movement, Gold and Guth calculated the following approximate formula 
for Couette flow and rigid rod-like particles (comp. Table 83).^®^ 

’• -’•[■+ (2W-T) +")'+* '■] 

f = axial ratio {I d) 

A; — a constant independent of the axial ratio but depending upon the type of 
flow. It has the order of magnitude 1 . 

For partial Brownian motion of small rods, there is, as yet, no satis- 
factory solution. In any case, the viscosity will decrease with the flow 
gradient and increase with increasing Brownian motion (i.e. with kT). 
Because of the variable gradient in a capillary viscosimeter, different 
results are to be expected for Couette and Poiseuille flow. 

Using certain assumptions, Kuhn has obtained the following expression 
for the specific viscosity of elongated particles (I ^ d) at low concen- 
trations and Brownian motion occurring: 

v>p = li + c 

f = l/d (axial ratio) 

Simha^^^ has recently given a new treatment of the case of complete 
Brownian motion. The indeterminateness mentioned above disappears in 

129 P. Boeder, Z. Physik, 76, 258 (1932). 

1*0 R. Eisenschitz, Z. physik. Chem., 103, 133 (1933). 

1*1 W. Kuhn, Kolloid Z., 62, 269 (1933); Z. physik. Chem., (A) 161, 1, 27 (1932). 

1**0. Gold, Dissertation, Vienna 1937; cf. F. Eirich and R. Simha, Monatsh., 
71, 67 (1937) and Progress in Physics, 1940 (in press). 

183 Pqj. reasons of simplicity, only formulas for large (> 50) values of the axis ratio 
/ are given in the following, although expressions are known over the whole range of 
f-values. 

1** R. Simha, J. Phys. Chem., 44, 25 (1940). 
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this case and a unique value for the viscosity may be obtained. One gets 

= [ll(lnV-T) S] 

for / larger than 50. 

The discussion of these equations and the experimental conditions in 
which they are valid can be read in the numerous summary abstracts and 
original papers.^®® 

They all indicate that in rigid rods there is, in fact, a characteristic 
relation between the axial ratio and the rise in viscosity, in the sense that 
the specific viscosity rises steeply, according to the extent of Brownian 
motion, with the axial ratio. This hydrodynamic consequence, which is 
exceedingly important owing to its analogy with the phenomenon in the 
field of high polymers, has been re-tested experimentally in recent re- 
searches by F. Eirich and co-workers. They used first model suspensions 
(cut silk) of which the particles were so large that Brownian motion could 
have no appreciable effect on the arrangement of them. These results 
must, therefore, be compared with those relations in which thermal motion 
can be ignored (Comp. Table 83). 

Such a comparison showed, for moderate axial ratios (l/d = 5 to 30), 
both the linear rise with axial ratio required by the theory and also a 
satisfactory quantitative agreement with the relations of Table 83 over a 
fair range of concentration. With elongated rods, excessive viscosities 
were always found, even at the highest measurable dilutions. This means 
that in spite of the dilution (0.1% and below), there still exists an interac- 
tion of concentration which goes beyond the range of validity of formulas 
containing only terms with the first power of c. This reminds us not to 
draw too far-rcaching conclusions from values which are derived from so- 
lutions of high polymers, even at apparently adequate dilution. 

Owing to the great theoretical and experimental difficulties, it is possible 
only to make a qualitative comparison between the results in models dis- - 
playing Brownian motion and the formulas. According to these, the 
viscosity rises as required, both with the axial ratio and the concentration, 
and does so more rapidly even if moderate Brownian motion occurs. An 
effect of flow gradient is also appreciable. If, in addition, the above state- 
ment on the restriction of the region of dilution is true, a fortiori, the 
special result of these experiments with rigid models may be summed up 

See especially M. L. Huggins, J. Phys. Chem.y 42 , 911 (1938); 43 , 439 (1939); 
J, Applied Physics, 10, 700 (1939). Cf. also H. Eyring, Phys. Rev., 39 , 746 (1932). 

'*« F. Eirich with M. Bunzl, H. Margaretha and J. Sverak, Kolloid Z., 76, 20 (1936). 
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by saying that they exhibit in large measure many characteristics of high 
polymer solutions. 

A direct application of these results to the behavior of high polymeric 
substances is not, however, feasible, because we seldom meet with rigid 
rods in the latter, but usually have to assume the existence of more or less 
mobile thread or worm-like structures. For this reason, Eirich and 
Sverak have extended their experiments to flexible model materials, which 
could be realized in the form of swollen fine filaments of artificial silk, or 
as thin flexible filament crystals (cholesterol, azo dyes etc.). Such prepa- 
rations prove to be very uniform in regard to length and axial ratio of 
the separate particles, but they offer an irregular aspect under the micro- 
scope because of their flexibility. 

Their viscosities in dilute solution appear to be essentially low compared 
with those caused by rigid rods and the concentration interaction is 
reduced. This behavior may be attributed to the curling, the deforma- 
bility and to the changed orientation of such particles in the flow gradient. 

The results reported on the viscosity of suspensions may be summarized 
somewhat as follows: Attempts have been made, both theoretically and 
experimentally, to establish criteria based on hydrodynamics for judging 
behavior in solutions of high polymers. Theoretically, a series of equations 
has been obtained for spheres and for rod-shaped particles, which lay claim 
to validity according to the conditions obtaining. Experimentally, these 
equations have been examined by using model substances, the size and 
shape of which could be accurately ascertained under the microscope. As 
far as can be seen, the theoretical relations can be essentially confirmed. 
Moreover, independently of theory, the models have widened our outlook 
on important matters such as particle orientation, behavior of flexible 
fibers, effect of concentration, etc. 

This line of research, founded on hydrodynamic principles of viscosity, 
which was recognized from the first as inadequate to describe the actual 
conditions in high polymers and merely aimed at the completion of our 
fundamental knowledge regarding the hydrodynamics of colloidal solu- 
tions, has been supplemented by the direct investigation of the systems 
concerned. 

In particular, there are the viscosity determinations on well defined 
hydrocarbons and other long chain substances carried out first by Stau- 
dinger and Nodzu^®® and later, with considerably increased accuracy, by 

M. L. Huggins, J. Phys, Chem., 42 , 911 (1938); 43 , 439 (1939), has considered 
flexibility, using Kuhn’s hydrodynamic approximations. 

1*® See H. Staudinger, Book^ p. 60 et seq.; Z. Elektrochem.j 40 , 436 (1934); Natur- 
wi88., 26 , 673 (1937); Angew. Chem,, 49 , 801 (1936); Ber,, 69 , 205, 118Q (1936); Helv. 
chim, Actaj 19 , 204 (1936); Kolloid Z.. 82 , 129 (1938). 
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K. H. Meyer and v. d. Wyk;^®® Tables 85 and 86 give some important 
results. From them it is evident that Staudinger^s equation 

i7«p = Kn*M-c (105) 

is valid only with limited accuracy over the range of these materials and, 
according to K. H. Meyer and v. d. Wijk, could better be replaced by 
the equation 


n,p - 145.5 Me - 15.981c (106) 

TABLE 85 

Influence of Absolute Precision of Measurement of tjrei on the Accuracy of r},p 


n.,X10. 

Percentage error of rj , if the error in the measure> 
ment of is 0.04%; tne sensitivity of is evident 

150 

2.6 

200 

2.0 

300 

1.3 

400 

1.0 

500 

0.8 


TABLE 86 


Km Values for the Paraffins from Cit to C 84 according to the Precision 
Measurements of Meyer and van dbr Wyk 


Substance 

Molecular weight 

Km- 

measured 

10» 

calculated 

C„H„ 

240.3 

79 i: 2 

(79.0) 

CisHss 

254.3 

82 i: 2 

82.4 

C„H 40 

268.3 

85 ± 2 

86.0 

C20H42 

282.3 

92 db 2 

88.9 

C22H46 

310.3 

94 ± 2 

(94.0) 

C26H54 

366.4 

102 d= 2 

101.9 

C80H62 

422.5 

106 ± 1 

107.6 

C84H70 

478.5 

109 

112.9 


the constants relate to 20.0®C. and a solution of 0.886 per cent by weight 
in CCI 4 . Fig. 85 shows the result more clearly. The continuous line 
corresponds to the empirical relation (106) and the broken line to the 
Staudinger equation; the circles indicate the experimental data. 

A very important contribution to this problem has been made recently 

K. H. Meyer and A. J. A. v. d. Wyk, Helv. chim. Acta., 18 , 1067 (1935) ; J. chim. 
phys., 32 , 549 (1935); Kolloid Z., 76 , 278 (1936); Ber., 69 , 545 (1936); Helv, chim, 
Actaj 19 , 218 (1936). Comp, also E. L. Hirst and G. T. Young, Proc. Chem, Soc,, 7 , 
1471 (1939). 
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by Fordyce and Hibbert.^^® They prepared^^^ members of the poly- 
oxyethylene glycol series, having uniform molecular weights, up to values 

around 8000 and 
determined with 
great care the spe- 
cific viscosities of 
these substances in 
two solvents at 
three different tem- 
peratures. 

If one plots the 
specific viscosity 
divided by c (in- 
trinsic viscosity) 

. Tjsp against the molec- 

Fig. 85. The ratio — as function of chain length n. , . , , 

c ular weight, one 

obtains a straight 

line within the molecular weight range 810-8200. Below this there is 
a sharp departure from linearity. Fordyce and Hibbert conclude from 
their experiments that the Staudinger equation is valid for high molecular 
weights but that it has to be replaced by 

= — “ Km + 0 

C 

as soon as lower members of a given polymeric homologous series are 
involved. 

The experimental material which has been drawn on for proving this 
relation in the field of hemi- and eu-colloidal substances is very extensive; 
the particle weights measured osmotically by various authors have been 
compared with those calculated from equation (105) and it has been found 
in this field also that Staudinger^s equation is certainly of considerable 
importance in the approximate estimation of molecular weights, although 
it cannot be considered being an exact law. 

It is a problem to understand how the simple equation (105) which 
was formulated by Staudinger at a date when there was much less experi- 
mental material than today, is able to represent such complex conditions 
to such close approximation and wherein lie the physical reasons for this 
ability. Staudinger himself has expressed the opinion that the fiber 

R. Fordyce and H. Hibbert, /. Am. Chem. Soc.y 61, 1910, 1912 (1939). 

R. Fordyce, E. L. Lovell and H. Hibbert, J. Am. Chem. Soc.y 61, 1905 (1939). 
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molecules in the solution are long, rigid rods which, by mutual hin- 
drance in the course of their movements, produce the high viscosity of the 
solutions. Considerable difficulties arise, however, in applying this idea. 
One is that, in this case, the viscosity must increase proportionally to the 
square of the molecular weight, which is actually not so ; another is that, 
in view of the numerous data regarding internal mobility of molecules, it 
is extremely difficult to assume the existence of very long, rigid, thread- 
like particles. 

For a simple understanding of equation (105) it seems much more 
feasible to assume a certain internal mobility of long chain particles. 
H. Mark^'^^ suggested this possibility; W. Kuhn,^^^ simultaneously 
with E. Guth/^"^ formulated it quantitatively, I. Sakurada,^^® Hess and 
Philippoff^^® and, especially, Huggins^^^ have recently carried out an exhaus- 
tive examination on a large amount of experimental material. 

In principle, this solution means an application of internal molecular 
statistics to the problem; in the presence of considerable internal mobility, 
the effective length of the thread-like molecules need not be identified 
with their maximum length; rather the effective length is actually pro- 
portional to the square root of the total length. 

In addition to this simple consideration, which appears to present only 
a rough idea of the conditions, there is an exhaustive discussion in progress 
on the Staudinger equation. 

Staudinger deduced several conclusions from the validity of his equation, 
which may perhaps best be described as follows: 

1. All molecules in the solutions concerned are dispersed individually 

(macromolecularly) at sufficient dilution. 

2. These molecules behave like extended, rigid rods. 

3. The high viscosity is produced by the mutual hindrance of the rods 

H. Mark, Congr. Int. Quirn. pur a ij appl.f Madrid 1934, Vol. 4, p. 197. 

W. Kuhn, Kolloid Z., 68, 2 (1934); Angew. Ch., 49, 858 (1936); also Z. physik. 
Chem., (A) 161, 1 (1932). 

E. Guth and H. Mark, Ergeh, exakt. Naturwiss., 12, 146 (1933); also E. Guth 
and H. Mark, Monatsh., 66, 93 (1934) ; E. Guth, Kolloid Z., 74, 147 (1936) ; 76, 15 (1936). 

I. Sakurada, Kolloid Z., 82, 345 (1938); Z. physik, Chem,, (A) 179, 227 (1937); 
also Kolloid Z., 63, 311 (1933); 64, 195 (1935); 67, 1045 (1934); Cellulosechem,, 17, 
130 (1936). 

146 w. Philippoff and K. Hess, Z. physik. Chem.y (B) 31, 237 (1936); see also W. 
Philippoff, Kolloid Z., 71, 5 (1935); K. Hess, C. Trogus, L. Akine and I. Sakurada, 
Ber.j 64, 408 (1931); K. Hess and B. Rabinowitsch, Rer., 66, 1409 (1932) and K. Hess, 
Naturwiss. y 22, 469 (1934). 

147 M. L. Huggins, J. Phys. Chem.y 42, 911 (1938) ; 43, 439 (1939) ; J, Applied Phys. 
10, 700 (1939). 
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in Brownian motion, which thereby act as if they occupied a flat, 
cylindrical volume whose diameter equals the length of a particle. 

4. On the basis of items 1 to 3 the linear relationship between viscosity 
and molecular weight in dilute solutions has proved accurate. 

5. This relationship enables molecular weight to be determined over a 
range not possible by other methods. 

It may be useful to discuss briefly these different statements. 

The macromolecular isolated state will presumably be met with only 
in a fraction of the cases considered, for example, in the paraffins, poly- 
styrenes, polyoxymethylenes and possibly also in rubber. But for cellulose 
and its esters, particularly, a different state of solution is indicated. For 
and against these views we may mention the effect of temperature on 
relative viscosity which is found to be small by Staudinger^^® and his 
collaborators, but considerable by others, for example, Danes, Ecken- 
stamm,^®® McBain,^^^ K. H. Meyer, Philippoff^^^ and others. Lieser^^^ has 
recently adduced important reasons for the existence of micellar thread- 
like molecular aggregates in solutions of cellulose xanthate. 

The concept of the rigidity of dissolved, thread-like molecules is difficult 
to combine with the existing knowledge of structure, and behavior of long 
chain molecules described by Guth and Mark,^^^ Meyer, W. Kuhn,^®”^ 
Wo. Ostwald,^®® Sakurada^^^ and others. In particular, W. Kuhn has 
calculated in a very interesting manner the form of long chain molecules 
on the basis of a certain amount of rotatory power; he arrived at the idea 
of loose coils with length and cross-section proportional to the root of the 
number of links in the chain. Kuhn considers that this result explains 
not only the observation of viscosimetry, but also those of double refraction 
accompanying flow, dielectric constant and other properties.^®^ 

According to the hydrodynamic theories discussed in the previous 

H. Staudinger and co-workers, in numerous treatises, e.g. Ber.y 61, 29, 33 (1929). 

V. Z. Danes, Kolloid Z., 68, 110 (1934). 

A. von Ekenstamm, tfber Cellulose-Losungen in Minerahduren. Lund 1936. 
J. W. McBain, /. Phys. Chem.y 30, 239 (1926); also /. Phys, Chem., 38, 1219 
(1934) and Ind. Eng. Chem., 28, 470 (1936). 

iw K. H. Meyer and A. J. A. van der Wijk, Kolloid Z., 76, 278 (1936). 

W. Philippoff, Angew. Chem., 49, 865 (1936). 

154 T. Lieser, Ann. Chem., 682, 48, 56 (1936). 

155 E. Guth and H. Mark, Erg. exakt. Naturw., 12, 146 (1933). 

156 K. H. Meyer, e.g. Kolloid Z., 76, 278 (1936) ; or Angew. Chem., 1934, 369. 

157 W. Kuhn, e.g. Kolloid Z., 68, 2 (1934). 

156 Wo. Ostwald, Kolloid Z., 70, 73 (1935); 81, 195 (1937). 

159 1. Sakurada, Kolloid Z., 82, 345 (1938); Z. physik. Chem., (B) 38, 407 (1938). 

166 W. Kuhn, Angew, Chem., 67, 648 (1938). 
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chapter, the third item is based on an accurate supposition in so far as 
viscosity can assume very high values with increasing axial ratio, even at 
low concentrations. The mechanism assumed by Staudinger is, however, 
certainly too simple and it will need a much more detailed discussion of 
all influences before a thorough understanding is reached.^®^ 

According to the discussion of items 1-3, a linear relation is actually 
possible but cannot be derived. In addition to this, the results of other 
workers and the interpretation of the Staudinger material have not 
indicated a strict proportionality in the sense of (105). According to 
Wo. Ostwald,^®^ Staudinger^s formula can express only a tangent to any 
curves, e.g. S-shaped, which may represent the actual function viscosity- 
molecular weight. K. H. Meyer and van der Wijk^®^ consider the de- 
partures too great, even in paraffins, for a rule to be involved. According 
to these workers, constitutional influences are of greater importance, 
whereas Staudinger considers the degree of polymerization to be deter- 
minative. 

The extrapolation of equation 105 to very large molecular weights has 
aroused particular controversy. Staudinger has attempted to confirm 
his results in the eu-colloidal field by introducing other methods. The 
molecular weights determined osmotically by G. V. Schulz,^®^ to a few 
hundred thousand, which agree satisfactorily with viscosimetric data, are, 
of course, subject to a series of objections: On the one hand, they were 
obtained from comparatively concentrated solutions with the aid of 
constants taken from the dilute range; on the other, the corrections for 
the heterodispersion, which is always present, even in well fractionated 
products, and which affects osmotic pressure and viscosity differently, are 
certainly not reliable. Checking by rates of sedimentation and diffusion 
in the ultracentrifuge by Signer and Gross^®^ gave good agreement in some 
cases but also variations of over 100% in others. 

If we summarize the results of the above brief review of a field still in 
an active state of development, it is clear that the conditions obtaining 

See the detailed investigations of E. Guth and co-workers; e.g. Kolloid Z., 
74, 147, 276 (1936); 76, 15, 20 (1936); 76, 16 (1936); 81, 7 (1937). Further F. Eirich 
and R. Simha, Monatsh.y 71, 67 (1937). 

i®2 Wo. Ostwald, Kolloid Z., loc. cit. on page 235. 

^®® K. H. Meyer and van der Wijk, Helv, chim. Acta, 18, 1067 (1935) ; Kolloid Z,, 
76, 278 (1936). 

G. V. Schulz, Ber,, 68, 2320 (1935) ; Z. vkysik. Chem., (A) 176, 317 (1936) ; (B) 32, 
27 (1936). 

^®® R. Signer and H. Gross, Helv. chim. Acta, 17, 59, 335 (1934); Kolloid Z,, 70, 
24 (1935); Trans. Faraday Soc., 32, 296 (1936). 
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are very much more complex than one would assume from the initial 
investigations. It is presumably impossible to explain all phenomena 
by one single model without its becoming too intricate and uncertain. 
Nor does the common division into molecular and micellar colloids hold 
in the original sense. 

As American research workers^®^^ have long maintained, we must leave 
open the possibility in principle of different forms of solution for any 
substance; the type of dispersion or equilibrium established will depend 
on solvent, concentration, temperature and frequently even on pre-treat- 
ment, as well as other factors. 

The effect of any one of these factors is, however, in no way simple. 
For the temperature effect, for example, the following mechanisms at least 
may be postulated: Fusion of micellae, desorption of solvent, dissociation 
or formation of aggregates resulting in change of particle size and shape, 
increase in external and internal Brownian motion and consequent con- 
traction of the fiber molecule, and change in adjustment to the flow gradient. 
All these processes may occur individually or in combination and can be 
entirely or partially compensated by each other. 

By and large, the Staudinger equation represents a generally applicable, 
simple and, therefore, very useful means of estimating approximate molec- 
ular weights. Nevertheless, it hardly allows of any reliable conclusions 
regarding molecular peculiarities in the system being investigated. 

In attempting to summarize to what extent viscosity measurements 
contribute to our present knowledge of high molecular weight solutions, 
we may say : Viscosimetry confirms in principle the ideas which have been 
worked out on the basis of other methods (vapor pressure, osmotic pressure, 
ultracentrifuging). In highly dilute solutions the macromolecules repre- 
sent mainly isolated, flexible chains, which are in a curled up or tangled 
condition and which perform an external, as well as an internal, Brownian 
movement (macro- and micro- Brownian movement, according to Kuhn). 
These soft, worm-like particles have no definite shape but carry out irregu- 
lar motions under the influence of thermal impacts by the molecules of 
the surrounding liquid. They can, to a certain extent, attach solvent 
molecules to their surfaces by means of forces and they may carry with 
them still more solvent molecules, which are immobilized by geometrical 
means. In a field of flow they move according to the laws of hydro- 
dynamics. 

Such a conception seems to be in agreement with the absolute values 

e.g. E. O. Kraemer and R. V. Williamson, J. RheoL, 1, 76 (1929); S. E. Shep- 
pard, J. RheoL, 1, 471 (1930); J. W. McBain, J, Phys. Chem., 30, 239 (1926); further 
H. Fikentscher and H. Mark, Kolloid Z,, 49, 135 (1930); H. Mark, Kolloid Z., 63 , 
1 (1930); Further F. Eirich and H. Mark, Erg. exakt. Naturw.f 16 , 1 (1936). 
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of viscosity in highly dilute solutions; also, with the dependence of viscosity 
upon temperature and molecular weight; it is, furthermore supported by 
the osmotic behavior of such solutions and, finally, by their rates of diffu- 
sion and sedimentation. 

Even at concentrations which are still very low, interactions between 
these particles take place and result in a rapid rise of osmotic pressure 
and viscosity with concentration. It will be appropriate, therefore, to 
pass to the description of conditions at higher concentrations. 

/) Expressions Relating to the Effect of Concentration upon Viscosity 

The somewhat detailed discussion of the Staudinger rule permits a 
briefer account of a series of empirical formulas dealing with the effect 
of concentration upon viscosity. More extensive discussion of all relevant 
problems will be found in Hatschek,^®^ Guth and Mark,^®® Hess,^®® Bred^e 
and de BGoys,^"^® Houwink,^^^ Philippoff^^^ and Sakurada.^'^® Generally 
speaking, it is possible to establish very useful equations over a fairly 
wide range. The many attempts, however, to attribute a physical signifi- 
cance to the constants involved, which, from the nature of things, they 
can possess at best only in a few cases and over a limited range of concen- 
tration, must be regarded with a certain amount of caution. 

We shall now enumerate a few of the principal equations which have 
proved valid in a series of cases: 

Arrhenius 

log = A;-C (I) 

In connection with this equation see also Berl and Biittler,i^® Duclaux and Woll- 
mann,^^® Bred^e and de Booys.^^^ 

Arrhenius 


1®^ E. Hatschek, Die ViskosMt der Flussigkeiten, Dresden 1929. 

^®® E. Guth and H. Mark, Erg. exakt. Naturw., 12, 146 (1933). 
i®8 K. Hess, Z. physik. Chem., (B) 31, 237 (1936). 

170 H. L. Bred^e and J. de Booys, Kolloid Z., 79, 31, 43 (1937). 

171 R. Houwink, Kolloid Z., 79, 138 (1937). 

172 W. Philippoff, Z. physik. Chem., (B) 70, 639 (1937). 

173 I. Sakurada, particularly Kolloid Z., 82, 345 (1938); also Z. physik. Chem.f (B) 
38, 407 (1938). 

174 S. Arrhenius, Z. physik. Chem.y 1, 285 (1887). 

176 E. Berl and R. Butler, Z. ges. Schieas- und Sprengstoffwesen, 8, S2 (1910). 

176 J. Duclaux and R. Wollmann, Compt. rend.y 162, 1580 (1911). 

177 H. L. Bred^e and J. de Booys, Kolloid Z., 79, 31, 43 (1937). 

178 S. Arrhenius, Medd. VetensJeapakad., Nohel-inat.f 4, 13 (1916). 
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75ifc8 

log ,r = * + rzrrr 

1 + 1,5* Arc 

(III) 

Papkov;! 80 


log rjr = k-c^ 

(IV) 

Houwink, 181 Bungenberg de Jong, Kruyt and Lens;!®* 


log rjr == ac bc^ 

(V) 

Fikentscher and Mark;i88 


* 1 - be 

(VI) 

Sakurada, Baker and Mardles 


„ = (1 + ac)“ 

(VII) 

Bredbe and de Booys;'^' 


fi ,2.6 6 1« 

(VIII) 


These equations were tested over the whole known concentration range 
on numerous sols of synthetic and natural high polymers, particularly on 
synthetic resin suspensions, such as polystyrenes, polyethylene oxides on 
proteins, gum arabic, cellulose, cellulose esters, rubber and others. In 
general, it was found that equations with one and two constants prove 
capable of expressing the viscosity — concentration function, by suitable 
choice of constants (see further below). In many cases it is astonishing 
how great a concentration range can be covered by using a single constant; 
with two or more constants, particularly if they are in the exponent, the 
fit is so close that it is possible to express approximately the most diverse 
functions of concentration. 

The best way to reach a basis for comparing all these equations seems 
to be the one adopted by Bred6e and de Booys. This consists of expanding 
rjgp in a power series of the volume concentration c and obtaining 

Tjgp = Ac + Be* + Cc« -f ••• (107) 

H. Fikentscher, Cellulosechem., 13, 58 (1932). 

180 S. Papkov, Kunststoffe, 26, 253 (1935). 

181 R. Houwink, Kolloid Z., 79, 138 (1937). 

18* H. G. Bungenberg de Jong, H. R. Kruyt and W. Lens, Kolloid Beiheftef 36, 
429 (1932). 

188 H. Fikentscher and H. Mark, Kolloid Z., 49, 135 (1930). 

18* I. Sakurada, Z. physik, Chem.f (B) 38, 407 (1938). 

188 F. Baker and E. W. J. Mardles, Trans, Chem. Soc., 103, 1655 (1913); Trans. 
Faraday Soc.j 18, 3 (1923). 
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As in the case of osmotic pressure (compare page 230), all terms in 
higher powers than one can be neglected at very low concentrations and 
the first coefficient of this expansion, A, allows an approximate estimation 
of the size and shape of the particles under certain favorable conditions 
(compare the relations in Table 83 on page 279). Yet, with the interpre- 
tation of J5, we immediately meet very considerable difficulties and its 
meaning, to date, is understandable only in the case of spherical sus- 
pensions. There it assumes according to equation (101) on page 282 a 
value of about 14. In all other cases the analysis has not yet been car- 
ried far enough to warrant an interpretation of B from the standpoint of 
molecular theory. 

In order to show to what extent the various equations cited above 
differ, some of them are here expanded into series and compared: 

2 30 ^ 

(I) = 2.30A;c + -V 

2 

2.30* 

The second coefficient B corresponds to —— A;*. 

2 30 

(III) rjap = (3k^ + 4A;)c + higher terms 

B corresponds to a complicated function of k, 
kb^ 

(VI) ;c6c + -— ••• 

2 

B corresponds to kb^ where b is the co-volume. 

(VIII) = 2.56c + ¥c^+ ... 

X corresponds to a term similar to the Einstein term; B corresponds to the square 
of b, which denotes the co-volume. 

No thorough comparison of all these empirical formulas with the rela- 
tions contained in Table 83 has yet been made, nor with the other experi- 
mental data available today. However, the importance of this problem 
suggests that an attempt be made in that direction and it is planned to 
bring out in this series on High Polymeric Chemistry a volume devoted 
solely to viscosity. 

It suffices to say that, in whatever direction this field develops, a series 
of empirical constants, e.g. the characteristic viscosity of Fikentscher or 
the intrinsic viscosity of Kraemer^®® are already serving a useful purpose in 
industry as a means of testing solutions used in manufacturing processes. 

186 E. O. Kraemer, Ind. Eng. Chem., 30, 1200 (1938), 




G. KINETIC PHENOMENA IN HIGH POLYMER 

CHEMISTRY 

1. The Phenomena of Diffusion 

In the chemistry of high molecular weight substances, questions of 
velocity, in addition to those of equilibrium, often play a very important 
role in the preparation and in the technical handling of these substances, 
for instance, the rates of chemical reaction, of diffusion and of sedimenta- 
tion are of preeminent importance. In many cases a combination of 
diffusion and chemical reaction is involved, because the chemically active 
substance in such systems cannot be brought to the place of reaction by 
mechanical convection, as is possible in homogenous gaseous or liquid 
phases, but only by way of a diffusion process. It will be convenient 
therefore to give a short account if the phenomenon of diffusion, its meas- 
urement, the interpretation of such measurements and the principal 
results are obtained heretofore. It may be mentioned here that high 
polymeric chemical reactions will be treated more exhaustively in another 
volume of this series, 

a) The Free Diffusion of Dissolved F articles] 

General Principles 

If particles of dimensions having the order of magnitude 1 p or less are 
placed in a liquid, an irregular swarming, the so-called Brownian move- 
ment, occurs. Quantitative examination of this phenomenon and its 
theoretical inteipretation have led to the conviction that the momentum 
acquired by the suspended particle is transmitted through collisions 
with the molecules of the solvent in very rapid motion, so that the Brown- 
ian movement reveals the irregular molecular motion of the liquid. 

As calculated by Einstein and Smoluchowski and proved experimentally 
by Perrin and Svedberg, the mean square distances traversed by the mov- 
ing particles are proportional to the duration of their movement, and a 
particle occupies, in the course of sufficient time, every volume element 
of the vessel provided for it remaining, on an average, for the same length 
of time in volume elements of identical size. 

Given a large number of particles, each one of them moves independently 
under the influence of the thermal impacts of the molecules of the liquid, 
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travels around the containing vessel, occupies all volume elements and 
remains, on an average, equally long in each. If the observed particles 
are at first confined in a given space, they disperse in course of time and 
finally spread uniformly throughout the whole volume at their disposal. 

This phenomenon is termed free diffusion. Statistical considerations 
indicate the possibility of calculating the concentration of the diffusing 
particles with a given initial situation as a function of space and time. 
Assume that no force effects exist between the suspended particles and 
the molecules of the solvent, but only that occasional transmissions of 
collision momentum occur, and further, that the particles do not interfere 
with each other^s movements and are very small in comparison with the 
dimensions of the vessel; in a unidimensional diffusion process, we obtain, 
for the probability dW that at a time t a particle will be encountered in the 
plane between x and x + dx, the relation 

1 --fl 

dW = — =r.e ^Dt.dx. (108) 

V 

D = coefficient of diffusion. 


(This presumes that the observed process has begun in the plane a; = 0 
at the time t = 0.) 

Obviously this probability dW is proportional to the concentration of 
the diffusing particles in the plane between x and x + dx Sit the time L 
If it is possible, therefore, to measure, by any experimental method, the 
magnitudes dW, x and t, the coefficient of diffusion D may be calculated 
from equation (108). A few recent methods of performing this task will 
be described below; it need only be added that, with certain assumptions, 
it is possible to estimate, from the coefficient of diffusion, the size of the 
suspended particles. If we assume that the diffusing particles are spheri- 
cal, or, at least, approximately spherical, and are large in comparison 
with the molecules of the liquid, D, according to Stokes, Nernst and 
Einstein,^ bears the following relation to the radius r of the particle 


^ _L 

N QTTTir * 


(109) 


In this equation, R is the gas constant, T the absolute temperature, N the 
Loschmidt number and rj the viscosity of the solvent. 

It is, of course, essential that Pick’s law, according to which the co- 
eflScient of diffusion should be independent of concentration, hold in all 


^ W. Nernst, Z. physik. Chem.f 2, 613 (1888); A. Einstein, Ann. Physik^ 77, 549 
(1905); see also OatwaWs Klassiker d. exakten. Naturwiss.fYol. 199. 
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cases; acxordingly, the measurement of D must be performed in such a 
way that the accuracy of this proviso can be examined simultaneously. 

By inserting the absolute values of R and N in equation (109) and 
by assuming a temperature of 300° absolute and an absolute viscosity of 
solvent of 0.01 (H 2 O at 20°) we obtain the very simple relation 

Z)-r -- 2 X lO-'S 

by which the coefficient of diffusion is given in absolute measure, cm'*^ per 
sec. To bring out more clearly the meaning of the value D, it may 
be observed that it indicates the mean path travelled by a particle of given 
size in one second if its diffusion proceeds at unit concentration gradient. 

h) Measurement of Rate of Diffusion 

It would l('ad too far afield to recount all the arrangements that have 
been proposed during the years for determining coefficients of diffusion 
experimentally; a summary will be found e.g. in the articles of Ulmann,^ 
Lehner and Smith^ or in the book of Valk6.^ In view of the great im- 
portance of diffusion measurements, which has been reaffirmed recently, 
especially through newer work in estimating the dispersivity of dyestuff 
solutions, it may be fitting to describe briefly at least a few of the most 
important and recently employed methods. 

A precision method for determining D was devised by E. Cohen and 
Bruins;® it allows of measurements with a limit of error of a few thou- 
sandths and constitutes, at present, the most accurate and reliable method 
for systematic experiments in this field. 

If, as may often b(^ the case in the examination of high polymeric sub- 
stances, precision measurements are not required, but merely an estimation 
of particle size, it is possible to use considerably simpler arrangements, 
for (‘xample, those of Oeholm® or of Northrop and Anson they have been 
used in the field of the cellulose denfivatives, particularly by Herzog and 
his co-workers^ and by McBain and his school.^ The micro-method of 
Fiirth^^ has however, attained great importance recently; it eliminates 

2 AI. Ulmanii, Molekulgrossenhestimmnng hochjwlynierer Natvrsloffe. Dresden 
and Leipzig 1936, p. 80 et seep 

3 S. Lehner and J. E. Smith, Colloid Sympoaium Monograph, 13, 65 (1936). 

^ E. Valkd, Die kolloidchemischen Grundlagen der Textilchemie. Berlin 1937. 

^ E. Cohen and H.R. Bruins, Z. phijsik. Chem., 103, 349, 404 (1923). 

*8 L. W. Oeholm, Z. physik. Chevi., 60, 309 (1905). 

^ J. H. Northrop and M. L. Anson, J. gen. Physiol., 12, 543 (1929). 

8 R. O. Herzog and A. Deripasko, e.g. Kolloid Z., 39, 250, 252 (1926). 

® See J. W. McBain and T. H. Liu, J, Am. Chem. Soc., 63, 59 (1931). 

^8 R. Fiirth, Z. Physik, 79, 276, 277 (1932). 
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several of the sources of error met with in the ordinary arrangements and 
permits a relatively accurate measurement of the coefficient of diffusion 
in a very short time (20-30 minutes). Fiirth and his collaborators^^ and 
Lehner and Smity^ have carried out a series of measurements on dyestuff 
solutions and have ascertained the influence of different conditions on the 
dyeing process. The diffusion process is carried out in a small cell ce- 
mented to a microscope slide and the change of concentration followed 
under the microscope by comparison with a standard solution. The 
observations are then extrapolated graphically to infinite dilution if the 
validity of Fick’s law is not evident from the experiments themselves. 
An accurate micro-method has also been described by Lamm.^^ 

c) A Few Important Results 

Experiments with two azo dyes gave, in this way, values for D of 4.3 
and 3.5 X 10“®, which correspond to particle diameters of 4.6 and 5.8 A 
calculated from equation (109); these values are in excellent agreement 
with expectation from the structure of the two dyes. With increasing 
concentration, the coefficients of diffusion decrease, a circumstance which 
is attributable to an increase in particle radius by association. Table 87 
gives coefficients of diffusion for several dyestuffs of different origin with a 
reference to the literature; it is evident that relatively high D values occur; 
these are attributed by Valk6 to electro-kinetic effects, since, in the cases 
considered, fairly strong mono- or di-basic acids are involved. 

Table 88 by Lehner and Smith^^ shows the influence of the addition 
of electrolyte on the coefficient of diffusion; in this case there is evidently 
association to larger secondary particles. 

Table 89 shows the effect of temperature^® in presence of electrolytes; 
between 25° and 95° the particle size decreases materially. It is clear from 
the last column that in Dyestuff I, for example, the degree of association 
is reduced from 28 to 5. 

We see from this short account that measurements of free diffusion, 
with the present state of experimental technique, are able to afford a very 
good picture of the behavior of large molecules in solution; the investiga- 
tions on high polymeric substances will be described with all details in 

R. Furth and co-workers, Kolloid ^.,41, 300, 304 (1927). 

12 S. Lehner and J. E. Smith, J. Am, Chem, Soc.^ 66, 999 (1934) ; 67, 497, 504 (1935). 

1*0. Lamm and J, Polsen, Biochem. /., 30, 528 (1936). Compare also recent 
measurements of L. Friedman and P. G. Carpenter, /. Am. Chem. Soc., 61 , 1745 
(1939). 

1® S. Lehner and J. E. Smith, Colloid Symposium Monograph, 13 , 65 (1936). 
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another volume of this series. It may merely be pointed out here that 
the molecular weights which have been obtained by different authors with 


TABLE 87 


Dyeetufif 

Concentration 
g perl 

Z>10» 

Literature 

Azogrenadine S 

0.5— 5.0 

8.38—7.86 

1 

Congored 

0.1— 5.0 

6.03—7.73 

1 

Benzopnrpiirin 4 B 

0.2— 5.0 

6.12—7.48 

Bordeaux Extra 

0.8— 2.5 

5.42—5.66 

1 

Congorubin 

5.0 

5.51—5.59 

2 

2 

Dyestuff II 

0.5 

7.73 

9 


^ E. Valk6, Trans. Faraday Soc., 31, 230 (1935). 

* C. Robinson, Trans. Faraday Soc.y 31, 245 (1935). 

3 S. Lehner and J. E. Smith, Colloid Symposium Monograph^ 13, 65 (1935) ; Dyestuff 
II is p-sulfobenzazobenzazo-6-benzoyl-p-aminobenzoyl-amino-naphthol-3-sodium 
sulphonate. 


TABLE 88 


Dyestuff in gms. per liter 

Addition 

D 10« 

rinA 

Degree of 
association 

Dyestuff II 

0.027-n. NaCl 

2.08 

11.7 

11 

0.5 

0.107-n. NaCl 

1.25 

16.0 

28 

Dyestuff II 

0.027-n. NaCl 

0.71 

33.7 

205 

0.5 

0.107-n, NaCl 1 

0.72 

34.2 

214 

Benzopurpurin 4 B 

0.01- n. NaCl 

2.69 

9.0 

4 


0.025-n, NaCl 

0.92 

26.4 

105 

1.0 

0.05- n. NaCl 

0.39 

62.2 

370 


0.1- n. NaCl 

1.64 

14.8 

19 


TABLE 89 


Dyestuff in 0.5 gm. 
per liter 

Temperature 

D'W 

r in A 

Degree of 
association 


25.0° 

1.52 

16.0 

28 


50.1° 

3.10 

13.7 

18 

Dyestuff I 

80.0° 

7.10 

9.3 

5,5 


95.5° 

10.05 

9.0 

5.0 


25.1° 

0.96 

25.3 

87 


o 

d 

1.75 

24.6 

80 

Dyestuff II 

80.6° 

3.86 

18.8 

36 


95.4° 

7.80 

11.3 

7.7 


the diffusion method agree fairly well with the results of osmotic and 
viscosimetric measurements. Table 90 shows some examples. 



TABLE 90 

Application of the Ultracentrifuge for the Determination of the 
Molecular Weight 


Substance 

Method Applied 

Molecular Weight 
(Particle Weight) 

Remark 

Refer- 

ence 

Cotton cellulose 

Sedimentation 

200,000-300,000 

In Cuoxam sol. calcu- 

1 

n 

equilibrium 

(t 

40,000 

lated for (C6Hio06)x 
Presumably not diluted 

2 

Regenerated cellu- 

it 

90,000-110,000 

enough; calculated 
for (C6 Hio06)x 

In Cuoxam sol. calcu- 

1 

lose 

Cellulose acetate 

tt 

50,000-250,000 

lated for (C6nio06)x 
In acetone, different 


Cellulose nitrate 

(( 

100,000-160,000 

fractions 

In acetone 

3 

Ethyl cellulose 

a 

125,000 

In dioxane 

3 

Methyl cellulose 

ii 

14,000-38,000 


4 

Poly-oj-hydroxy 1 

It 

27.000 j 


6 

decanoic acid 
Polystyrene 

Sedimentation 

30,000-270,000 


6 

Polychloroprene 

equilibrium 
and velocity 
Sedimentation 

153,000-225,000 


4 

Rubber 

equilibrium 

It 

64,000 

In toluene 

4 

Ovalbumin 

Sedimentation 

34,500 


7 

Cellulose acetate 

equilibrium 
Free diffusion 

10,000-50,000 

In acetone calculated 

8 

Cellulose nitrate 

(( 

75,000 

for (C6 Hio06)x 

9 

Ovalbumin 

< ( 

29,000 

In water 

10 

Haemoglobin 

It 

65,000-68,000 

(( 

n 


^ E. O. Kraemer and W. D, Lansing, J. Phys. Chem., 39, 753 (1935). 

2 A. J. Stamm, J. Am. Chem. Soc., 62, 304 (1930). 

3 E. 0. Kraemer, Ind. Eng. Chem.y 30, 1200 (1938). 

^ The Svedberg and K. O. Pedersen, The Ultracentrifuge, Oxford 1940; article of 
E. O. Kraemer. 

® E. O. Kraemer and W. D. Lansing, J. Am. Chem. Soc., 66, 4319 (1933). 

® R. Signer and H. Gross, Ilelv. chim. Acta, 17, 59, 335, 726 (1934); ibidem, 18, 
701 (1935). 

7 The Svedberg, Kolloid Z., 67, 2 (1934). 

® D. Kruger and H. Grunsky, Z. physik. Chem.., (A) 160, 115 (1930); D. Kruger, 
Celluloseacetate, Dresden & Leipzig, 1933. 

® R. O. Herzog and H. Kudar, Z. physik. Chem., (A) 167, 841 (1933) ; see also R. O. 
Herzog and A. Deripasko, Cellulosechem., 13, 25 (1932); R. O. Herzog and W. Herz, 
Trans. Faraday Soc., 26, 57 (1933). 

WR. O. Herzog, Z. Elektrochem., 13, 533 (1907); J. Gr6h, Biochem. Z., 173, 249 
(1926). 

K. G. Stern, Z. physiol. Chem., 217, 237 (1933). 
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d) The Application of High Centrifugal Fields) General Principles 
of Centrifugal Analysis 

The Svedberg^® was the first to use high speed centrifuges for the analysis 
of colloidal systems; he has brought the method to a high state of perfection 
in the course of twenty years and one can predict a very successful develop- 
ment in the future. The possibilities of the ultracentrifuge are very 
numerous. They range from the separation of isotopes to the field of 
medical chemistry. It is a fact of great importance that Svedberg^s 
original apparatus, which was rather costly to make, has been simplified in 
past years by Bechhold and Schlesinger,^' Elford,^* Henriot and Ciugue- 
nard,^^ McBain,^^ Beams, Biscoe, Pickels and Wyckoff,^^ and while 
the highest efficiency is not reached in these modifications, very useful 
results are obtainable in special problems. In particular, the application 
of air drive and the separation of the actual centrifuge from the drive have 
brought great advantages with them. Recently a comprehensive book 
on the ultracentrifuge was published by Svedberg and his co-workers con- 
taining all details of construction and use. It will, therefore, be sufficient 
to give a rather brief outline of the principles and just mention some of 
the most important results. 

The ultrac(‘ntrifuge makes possible the estimation of several important 
constants of a suspension by measuring 

a) the sedimentation rate 

b) the sedimentation equilibrium 

c) the coefficient of diffusion. 

a) The rate of sedimentation is determined by observing the rate of 
fall of a meniscus which separates the solution from the pure solvent; 
in the majority of cases the color of the solution, its absorption in the 
ultraviolet or its refractive index serves for this. The observations are 
evaluated by the following procedure: 

If particles of mass m and specific volume V fall to the ground in a 
centrifugal field of angular velocity tc, the particles acquire a constant 

Th. Svedberg, see e.g. Chem, Rev.j 20, 81 (1937); detailed Literature there. 
See also Th. Svedberg and K. O. Pedersen, The Ultracentrifuge, Oxford 1940. 

H. Bechhold and M. Schlesinger, Kolloid Z., 67, 135 (1934). 

i®W. J. Elford, Brit. J. exper. Path., 17, 399, 422 (1936). 

Henriot and Guguenard, J. phys. radium, 8, 433 (1927). 

1® J. W. McBain, J. Am. Chem. Soc., 67, 780, 2631 (1935); 69, 2489 (1937). 

21 J. W. Beams, Rev. Sci. Instrum., 6, 299 (1935). 

22 J. Biscoe, E. G. Pickels and R. W. G. Wyckoff, e.g. Rev. Sci. Instruments., 7, 
246 (1936). 
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velocity u under the mutual influence of buoyancy, friction and accelera- 
tion of field. 


dr Al-Va) 

^ ; ( 110 ) 

at f 

r = distance of particles from the axis of rotation. 
a — density of solvent or medium of suspension. 

/ = coefficient of friction of the particles. 


If the values u, r and w, to be measured by the experiment, are placed 
on one side, the other side of the equation contains only material constants 


u 

wH 


(1 - V<t) 
m = s 


( 111 ) 


and, according to Svedberg, defines the so-called sedimentation constant* 
If it is applied, by suitable reduction of / and cr, to water at 20° it represents 
a true sedimentary constant of the substance settling. 

To calculate s, we integrate (110) between two values of r which corre- 
spond to the beginning {rdi) and the end {r 2 t 2 ) of the observation period 
and obtain 


In 


n 

n 


wKt2 — h) 


For a solution instead of a single particle (having now concentration c 
instead of distance r), we obtain 


1 

In — 
C2 


C2 ' 


2 — ti) 


( 112 ) 


If now, we introduce special conditions regarding the shape of the 
particles, we may employ (112) for determining particle size. If, for 
example, spherical or nearly spherical form is assumed, we obtain: 

/ « Qirrip ( 113 ) 


p 




9ri8 


2(<rt — <r«) 


p =» particle radius (average) . 

71 == viscosity of solvent. 

<rt = density of particles in the solution. 
» density of pure solvent. 
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The estimation of <rt affords the greatest difficulty, because we never 
know how much solvent is carried by the particles either adsorbed on their 
surface or enclosed within them. If, however, this determination is 
successful, and if we are measuring spherical particles in sufficiently dilute 
solutions, it is possible by (113) to determine average particle radius with 
great reliability. 

If we are interested, not in particle radius, but only in the average 
weight of particle, the following values may be introduced: 

M — m-N — molecular weight {N = Loschmidt number) 

F — f-N = molar coefficient of friction. 

Without reference to particle shape, the relation holds generally 
FD = RT 

D = coefficient of diffusion. 


Thus one obtains from (111) 


M 


s-RT 

(1 - Va)D * 


( 114 ) 


from which molecular weight can be determined, regardless of the shape 
of the particle. It is, of course, a necessary proviso in this derivation that 
the coefficient of friction for a moving particle in a given liquid be the same 
whether the movement of the particle is one of diffusion or of sedimentation. 
Since sedimentation results when a homogeneous field of force acts con- 
tinuously on the particle, whereas diffusion proceeds discontinuously under 
the influence of irregular impacts by the solvent, it is perhaps not necessary 
for this assumption to be invariably true; wherever it is valid, however, it is 
possible to determine particle weight entirely satisfactorily in this way. 

For calculating F, Svedberg generally employs the equation 


In this 


Y « - (gl ~ gs) 

vgs 


glo = weight of a given volume of pure solvent. 
gl = weight of the same volume of solution. 
gs = amount of dispersed substance weighed out. 
<r = density of the pure solvent. 


From this definition of F, it is evident that the water of solvation 
which may be entrapped by the dissolved particles, is not measured with 
them in a calculation of this kind.^* 


** Unless it possesses a different density from that of the ordinary water of the 
solvent. 
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If the suspension is entirely homogeneous and contains only particles 
of one definite size, the boundary between the solution and the pure solvent 
is sharp (apart from diffusion in the case of very small particles, which will 
be referred to later) and we may conclude that a monodisperse system 
exists. It should, of course, be emphasized that this holds only for spheri- 
cal or at least for nearly spherical particles, for with elliptical particles, there 
may be a different adjustment of the particle axes to the direction of the 
field, resulting in a different rate of sedimentation of particles of the same 
size but of different orientation.^^ 

In polydisperse systems the boundary between solution and pure 
solvent is vague and, from its shape at different times, one can draw 
deductions concerning the distribution curve of the particles in the solution. 

In this case the following expression of Svedberg holds for spherical 
particles, diffusion being neglected: 

dc dc dx/ a; 2 V 
dr^ dxdr\xi/' 

In polydisperse systems, which exhibit only a few and relatively widely 
differing particle sizes, the individual components may be separated 
deliberately under certain conditions by centrifuging; two more or less 
sharp boundaries are then visible and one can determine separately the 
particle weight or particle radius by direct measurement. Svedberg 
found this to be true for many proteins. 

b) A colloidal system may be centrifuged until the boundary between 
solution and pure solvent is uo longer displaced; sedimentation equilibrium 
has then set in, with a balance between the centrifugal force acting down- 
ward and diffusion acting upward. For particles of a definite size, the 
particle weight can be calculated by the equation 


2RT In - 

-- — 

(1 - Va)wKrl - rl) ‘ 


(115) 


The designations are the sanui as in the previous formulas; the above 
equation is independent of the shape of the particles. 

Here, again, the boundary is sharp for homogenous systems and indis- 

21 See R. Signer and H. Gross, Helv. Chirn. Acta, 17, 726 (1934) ; also E. 0. Kraemer 
and W. H. Lansing, J. Am. Chem. Soc., 66, 4319 (1933) and especially the two 
articles of E. O. Kraemer and R. Signer in the book of Th. Svedberg and K. O. 
Pedersen, The Ultracentrifuge, Oxford 1940. 

2« See Th. Svedberg, Kolloid Z., 61, 10 (1930). 
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tinct for poly disperse suspensions (and in the case of very small particles). 
From the lack of sharpness one may calculate the distribution curves of the 
particles, taking into account the effect of diffusion. 

c) Finally, observations with the ultracentrifuge permit the calculation 
of the true coefficient of diffusion. If the particles arc sufficiently small, 
the sedimentation meniscus will spread because of their diffusion—whether 
the velocity or the equilibrium method is being used. If we determine this 
spread in a suitable manner, we may calculate from it the diffusion constant 
7); in this case, for uniform particle size, the following expn'ssion of Sved- 
berg holds 

dn rii — no — ~ 

— ~ rirr-e 4/)« 

dz 2-v/irZ>< 


In this 


ni = refractive index of the solution, 
no == refractive index of the pure solvent. 
dn/dz ~ change of refractive index in the region of the meniscus. 

z ~ distance of the point of measurement from the position of maximum 
concentration. 

The above information shows that the ultracemtrifuge affords a nuians 
of a very intimate study of colloidal systems, 

A few figures will serve for clearer illustration of the equations and 
research methods outlined above. 

e) A Few Important Results 

Figure 86, due to Svedberg, shows the photometric registration of the 
meniscus during four exposures of sedimenting haemocyanine from Helix 
))omatia at pH 5.5 in a centrifugal field of 45,000 g. The separate expo- 
sures were made at 5 minute intervals; the lower part of the cell was filled 
with solution, the upper with the pure solvent (water). It is immediately 
(wident from the curvt^s that the sedimentation process was very rapid 
and complete; after about 20 minutes all the protein had lieen forced 
to the bottom and the supernatant liquid was quite clear. Further, 
the meniscus was very sharp, indicating large particles and a uniform 
degree of dispersion. This case is ideally suited to the application of the 
velocity and equilibrium method and indicates a monodisperse system 
with M = 6,740,000. 

In this connection, the centrifuging of the proteins of tobacco mosaic 
virus, as well as of a-lactalbumin, may be cited as examples of a heterodis- 
perse system involving large particles and a homodisperse system involv- 
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ing very much smaller ones. For the latter, especially, very intense fields 
are required for centrifuging and the apparently vague boundary is to be 
attributed to the influence of diffusion. Fig. 87 represents the curves 

obtained directly by a sedimentation 



distance from the 
meniscus in e/m. 


Fig. 86. The meniscus between 
the solution of sedimenting hae- 
mocyanine and the pure solvent, 
recorded photometrically at four 
different positions. 


measurement on a-lactalbumin at an 
acceleration of 310,000 that of gravity. 
Here there was a period of 40 minutes 
between successive determinations; the 
value of M was 17,000. The full lines 
are those obtained experimentally; the 
points are calculated on the assumption 
that a homodisperse suspension of the 
molecular weight indicated above broad- 
ens the meniscus by diffusion. It is 
evident that there is very marked agree- 
ment between the points calculated and 
the curves obtained experimentally. Fig. 
88 relates to tobacco mosaic virus and 
indicates a high molecular dispersion of 
heterogeneous character. 



meniscus in t/m, meniscus in cmn. 

Fig. 87. Photometric curves of sedimen- Fig. 88. Photometric curves of sedi- 
tating lactalbumin. mentating tobacco mosaic virus. 


It may be appropriate to close this short report on the ultracentrifugal 
research with two tables. 

Table 90 shows a series of average molecular weights of different high 
polymers obtained in the ultracentrifuge and by free diffusion. 

Table 90a contains the result of a recent research of Mehl, Oncley, and 
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Simha^®*^ concerning the dissymetry of protein molecules. The axis ratio j 
of an ellipsoid of revolution, which represents the particle, is calculated 
from diffusion measurements in the ultracentrifuge (column 2) and com- 
pared with values obtained from viscosity measurements using equation 
(103) on page 285. The agreement between the two methods is rather 
satisfactory. 

Any further information concerning the technical application of the 
equipment, the carrying out of the experiments and the final interpretation 
of the results can be found in the recent book of Svedberg and K. 0. 
Pedersen, The Ultracentrifuge ^ Oxford, 1940. 


TABLE 90a 

Comparison of Axis Ratios / as Determined by Diffusion and Viscosity 


Protein 

Calculated from 
Diffusion Ex- 
periments 

Calculated from 
Viscosity Meas- 
urements 

Egg albumin 

3.8 

6.0 

Serum albumin 

6.0 

5.6 

Hemoglobin 

3.7 

4.6 

Amandin 

5.4 

6.0 

Octopus hemocyanin 

7.2 

7.3 

Gliadin 

10.9 

10.6 

Homarus hemocyanin 

6.2 

5.5 

Helix pom. hemocyanin 

4.8 

6.5 

Serum globulin 

7.6 

7.3 

Thyroglobulin 

7.8 

7.9 

Lactglobulin 

6.2 

6.1 

Pepsin 

2.6 

4.6 


2. The Mechanism of Formation and Degradation of Long Chain 

Molecules 

The development of high polymer chemistry was, naturally, first 
directed mainly to the properties of substances of high molecular weight,^® 
to their methods of investigation and their reaction capacity. It was 
only after a certain amount of knowledge had been amassed in this field 
that the need was recognized for quantitative investigation into the 
mechanism of the formation and dissociation of long chain molecules.^'^ 
This has led in recent years to a series of researches on the mechanism 

J. W. Mehl, J. L. Oncley and R. Simha, Science, 92, 132 (1940). 

Compare W. H. Carothers, Collected Papers, New York 1940. 

Compare R. E. Burk, Polymerization, New York 1937. 
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of polymerization and condensation reactions, which, although they may 
not yet furnish a final picture of the conditions, have established the general 
principles with sufficient certainty for it to appear reasonable to present 
the results briefly here. The same holds for experiments on the degrada- 
tion of long chains, which has been studied especially in natural high 
polymers and has yielded interesting information regarding the type of 
linkage of the glucose residues in cellulose and starch. 

a) Short Outline of the Mechanism of 
Polymerization Reactions 

It may be sufficient for the following discussion to visualize the for- 
mation of a long chain molecule from an ethylene derivative as represent- 
ative of a polymerization reaction. The whole chemical process in such 
a reaction may be expressed by the empirical equation 

n times (CH 2 =CHX) (CHa.CHX)^ (116) 

The left hand side of this equation represents n small molecules which 
move in a gas, in solution or in the pure liquid system independently 
or nearly independently of one another; let n be a number between 100 
and 1000; x denotes any substituent (CeHs, OH, OCH3, Cl etc.); on the 
right hand side stands the macro-molecule produced during the course 
of the reaction; our only certain knowledge about it is that it comprises 
all the atoms of the n separate molecules, linked together by primary 
valences; for the sake of simplicity, it will be assumed that the macro- 
molecules have a purely chain-like structure. Acting on this, we may 
then write equation (116) in somewhat greater detail 

n-(CH 2 =CHX) CH 2 =CX— CHa-CHX— . . . .CH 2 — CH 2 X 

Whether the substituents are in such regular sequence as is represented 
here or distributed at random over the chain following the laws of proba- 
bility, is as yet an undecided question and is counted among the problems 
of high polymer chemistry awaiting solution.^^ 

All our knowledge of simple chemical reactions appears practically 
to exclude the idea that the n single molecules on the left hand side of 
equation (116) associate instantaneously and that the primary valence 
chain is formed suddenly by a single complicated collision of many particles. 

Such polymerization processes have been called A-and C-polymerization by 
W. H. Carothers. See Volume I of this series. 

Compare a series of very interesting recent papers by A. C. Marvel, e.g. J. 
Am. Chem. Soc., 61 , 3156, 3241 3244 (1939). 
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We must rather look for a growth-like process, during which the individual 
constituents slowly aggregate to build a long chain, i.e. a gradual process 
of propagation similar to that by which the chain polymers occurring in 
nature, e.g. rubber, cellulose, proteins, chitin, etc. are produced. 

Through the experiments of Bonhoeffer, Hinshelwood, Nernst, Polany, 
Semenoff, Taylor^® and others, w’e have for some years recognized in the 
kinetics of rapid gas reactions a series of typical processes which have 
been designated chain reactions because they consist of a long series of 
separate interactions occurring in quick succession. They do not, indeed, 
give rise to large molecules, because in the individual steps energy is 
merely exchanged between the isolated particles. But these chain reac- 
tions in gaseous systems lead to large outputs within short periods, and 
the experience gained by an exhaustive study of them has, up to the pres- 
ent, proved most useful in application to polymerization reactions. 

If such a reaction is considered to be a chain reaction — as was shown 
for the first time quantitatively by W. Chalmers®^ — the whole process 
may be divided up into the following separate stages. 

a) The start of a chain: A peculiarly reactive nucleus is first formed 
by a thermal collision of particularly high energy value, by absorption 
of a light quantum or by some other process (surface-catalysis, homogenous 
catalysis, etc.). The formation of such a nucleus or germ may be repre- 
sented for example by one of the following chemical equations 

CH2=CIIX + CH2=-CHX — CH 2 — CHX~ CHs-CHX— 

CH 2 -=CnX + hv — CH 2 — CHX— or (CH 2 =CHX)* 

CH 2 =-CHX + M ^CH 2 -CHX— or (CIl 2 =CHX)* 

or (CH 2 =CHX) M 

M is inserted for any substance with catalytic action; the star (*) 
indicates that the molecule to which it is attached is in a reactive state. 

It is an open question whether the nucleus represents only a high 
energy molecule (denoted by a star) or a radical with one or more free 
valences; the only important essential is that it possess great reactivity. 
Owing to the high energy required for the activation necessary to nucleus 
formation, the latter is a relatively rare process and consequently the start 
of the chain is generally a slow reaction. 

b) The growth of the chain: If a nucleus is present in the reaction 
mixture, it is able, by reason of its high reactivity (intense internal vibra- 

See e.g. M. Polany, Reactions, London 1932; N. Semenoff, Chain Reac- 

tions, Oxford 1935; L. Farkas and H. W. Melville, Chemical Kinetics, Cambridge 
1939; H. J. Schumacher, Chemische Gasreaktionen, Dresden 1938. 

” W. Chalmers, Can. /. Research, 7, 113, 472 (1932). 
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tions or rotations or free chemical valence), to accumulate other monomeric 
molecules of the same substance very rapidly (i.e. almost at each collision 
with it). In this process much energy is liberated and the reactivity of the 
nucleus or the free valence at the end of the resulting product of growth is 
always regenerated after the acquisition of a new group ; a normal individual 
act of growth does not destroy the reaction capacity of the growing chain 
but preserves it (not always completely but usually to a large extent). 
The low energy requirement of the growth reaction causes it to proceed 
much more rapidly than the start of the chain and can, therefore, lead to 
the development of long chains. 

c) The chain rupture. If the free valence at the end of a growing chain 
could only react with the monomer in the way described, it would be 
possible for the chain to elongate further and further until all the original 
monomeric material was exhausted. Actually, it never or practically never 
proceeds so far, but a third elementary process sets in which interrupts 
the growth of the chains. Owing to the high reactivity, the free ends of 
the growing chains may react differently from the normal manner shown 
under (b) leading to the lengthening of the chain by a link. 

The migration of a hydrogen atom along the chain or during a collision, 
may result in saturation of the free valence at the end of the chain; multi- 
membered rings may be formed or a chain may react with impurities present 
(possibly oxygen) and thus restrict its capacity for further growth. It is 
evident that there are many possibilities for interrupting the chain and 
that it will not be easy to decide in a given case which of them played the 
decisive r61e. 

We must now consider these three separate processes jointly; from their 
velocities, the experimentally observed process has somehow to be con- 
structed. The principal cases concerned will be illustrated by a few 
simple examples. 

We shall imagine N individual particles as gas or dilute solution placed 
in a wide vessel and produce in them a single nucleus by any method. 
This will collide in course of time with all {N — 1) other molecules and 
aggregate them gradually to a single chain. The speed of the process 
will gradually fall off, because the decreasing number of free molecules 
makes the probability of collision with the lengthening chain always smaller 
and smaller. In such cases, the equation for a monomolecular reaction 
describes the process. If we plot the quantity of polymer formed (in our 
case simply the length of the resulting chain) against the period t of the 
reaction, we obtain a curve similar to that in Fig. 89; the rate is initially 
relatively great and decreases with increasing time of reaction. Since we 
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have formed only a single nucleus in the solution, the whole course of the 
reaction is very slow; the angle a is small. 

If we produce initially, not one, but several (e.g. n) nuclei, and assume 
that they do not disturb one another during growth, we obtain the same 
kinetic result, namely a monomolecular reaction. But the entire process 
is now n times as rapid; the length of the resulting chain is no longer 
that of N single molecules but averages N/n\ several short chains are 
formed simultaneously. For graphic representation we have simply to 
combine n separate reactions of the type of Fig. 89 beginning at i = 0. 
The result for n = 3 is shown in Fig. 90. The curve now rises from the 
origin at an inclination three times as great. 



Fig. 89. Monomolecular course of a 
polymerization reaction. 



Fig. 90. More rapid monomolecular 
course of the reaction. 



Fig. 91. Course of reaction with induc- 
tion period. 





Fig. 92. Course of reaction with chain 
rupture. 


To obtain a closer approximation to the actual conditions obtaining, we 
must assume that the different nuclei do not all enter into reaction simul- 
taneously at the beginning of the process, but that they are formed in 
succession by high energy collisions, by the absorption of light quanta etc. 
In representing the results for the case n = 3 we have, obviously, to 
combine the individual elementary chain growth reactions in such a way 
that there is overlapping between the immediate and the preceding one 
at the instant when a new nucleus is formed. This must be done always 
on the assumption that there is little or no interference between the grow- 
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ing chains. The three separate monomolecular processes of Fig. 89 do 
not then all begin at the same time t = 0, but start one after another at 
intervals which are the reciprocal of the rate of the nucleus formation. 
The result is shown in Fig. 91. While the two previous processes show the 
typical curve of a monomolecular reaction, that is no longer the case; a 
new type of behavior ensues. The complete reaction exhibits an induction 
period. It proceeds relatively slowly in the initial stage, owing to scarcity 
of nuclei (flat rise from the origin), then quickens with the supply of new 
nuclei (steeper rise) and slows down again only when the collisions requisite 
for growth become more infrequent owing to lack of monomers (saturation). 

In this case, chains of entirely different length are present in the reaction 
product; that formed from the oldest nucleus has had the whole reaction 
period for its growth and is consequently relatively long, that derived from 
nucleus 2, begins to grow a little later (say, at ^ = 1) and is accordingly 
shorter. If the nuclei are formed in rapid succession, the chains are similar 
in length; if the development of nuclei is slow, the chains formed later 
suffer in consequence. 

Useful data are obtainable directly on the average period of growth or 
life of the individual chains in all three cases. In cases 1 and 2 all chains 
grow equally long, i.e. during the whole period of observation to complete 
synthesis of the basal substance; in case 3, however, the length of life of 
the three chains differs because 2 and 3 are formed later than 1 and have, 
therefore, less time for growth. Both the distribution of chain lengths and 
the growth period of the separate chains are, therefore, related very closely 
to the development of the nuclei; i.e. to the ratio of nucleus formation and 
growth rate. It will be shown later how this ratio may be expressed 
mathematically. 

We have now to deal with the rupture reaction for a still closer approach 
to reality. We will consider first the case of Figure 89 and assume that a 
substance interrupting chain growth is present in low concentration. The 
chain, after starting, will grow freely in monomolecular fashion and then 
— ^with the entry of the inhibiting substance — will suddenly become in- 
capable of further extension. The result is shown in Fig. 92. With the 
interruption, the reaction is brought to a sudden end — not, as earlier, to 
an asymptotic end. If the interruption of reaction is rapid, the horizontal 
line of Fig. 92 appears after a short time and a short chain results; if it is 
comparable in speed with the growth reaction, no chains are formed at 
all but only small molecules (dimers, trimers, etc.) will result. It is evident 
in this simple case that the reciprocal rate of the interruption reaction is 
proportional to the life of the individual chain and therefore proportional 
to the resulting chain length. 
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Similar conditions hold for the case of Fig. 90 with three chains starting 
simultaneously. If the interruption reaction is rapid, the chains are soon 
terminated; their growth is brief and they can only build up a few links. 

In the latter case of chains starting at a succession of time intervals, 
and ended by a rupture reaction, the conditions are also relatively easy to 
follow; if the first chain is interrupted before the second begins, the second 
ended before the third starts and so on, we must simply draw Fig. 92 
three times in succession to obtain the complete result. If, for example, 
there is a time period of unity between the completion of the first chain 
and the beginning of the second, we obtain the conditions shown in Fig. 94. 
This indicates a more gradual rise of the whole reaction distributed over 
many nuclei than is shown in Fig. 90; there is here a certain time interval 
during which there is no reaction at all, namely, the time between the 
death of the first chain and the birth of the second. 



Fig. 93. Interruption reaction with Fig. 94. Interruption reaction with three 
three chains (rapid interruption). chains (slower interruption). 

If, on the contrary, the first chain is destroyed only after the start of 
the second and so on (Fig. 94), we obtain, on considering many nuclei, a 
curve which begins by a linear rise from zero, for which, as the figure 
shows, nuclear formation and rupture are decisive. The growth reaction 
itself is practically eliminated from the picture; it is sufficiently rapid for 
each nucleus to be built up into a chain as far as the inhibiting effect of 
the destructive reaction allows. The whole process in this case is decided 
by the interaction of chain birth and chain rupture. The number of chains 
growing in the mixture at any particular time is given directly by the 
ratio: rate of beginning reaction to rate of destructive reaction. The 
average life period is again calculated directly from these two values, as also, 
are the average chain length, distribution curve, etc. 

After these general remarks on the interrelation of the separate reac- 
tions, an attempt will be made to represent the conditions mathematically. 

With this object in view, it is necessary to inquire whether the starting, 
growing and rupture reactions are monomolecular or bimolecular, whether 
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they are subject to catalytic influence or in what way they depend on the 
experimental conditions. The result of this examination will, of course, 
depend very greatly on the particular system studied and it is not possible 
to generalize for a large number of polymerization reactions. 

Since the polymerization of ethylene derivatives, particularly styrene, 
has been studied most exhaustively from the kinetic standpoint, it may 
suffice for the purpose of the present work to confine ourselves to this case 
and to cite it as exemplifying the treatment of a polymerization reaction. 

We shall keep mainly to a recently pub- 
lished treatise of Breitenbach,^^ has dis- 
cussed current researches on this substance 
in detail. 

For nucleus formation, monomolecular and 
bimolecular mechanism are involved. For 
example, by the accumulation of energy 
within the monomeric molecule, in conse- 
quence of inherent interference of the natural 
vibrations, the activation of the double bond 
can be effected in a monomolecular way, 
just as large organic molecules (azomethane, 
propionic aldehyde, etc.) are known to dis* 
sociate preferably according to the mono- 
molecular equation. 

Such activation can, however, be produced 
on bimolecular lines by a particularly high- 
energy collision of two styrene molecules. 

Finally, it should be remembered that 
catalytically active substances or the action 
of light may confer a yet more complicated 
character of the starting reaction. 

The growth reaction is generally to be regarded as bimolecular, because, 
owing to the low heat of activation characteristic for it, the majority of 
the collisions of monomeric molecules with the activated or radical-like 
nuclei may be effective. 

For the rupture reactions, on the contrary, entirely different mecha- 
nisms are again possible and the kinetic principle responsible for a given 
rupture reaction has hardly been determined with certainty in any 
single case. 

Finally, it may be observed that in most of the polymerization reactions 
W. Breitenbach, Monatsh,, 71, 721 (1938). 
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there is also a branching reaction to be taken into account; this is always 
important if the resulting product has not pure chain structure. We shall 
leave them out of the discussion, since, in the case of styrene, the formation 
of purely chain molecules is very likely to be preponderant. 

We shall consider the following scheme in the light of this information. 
M would characterize the monostyrene; the starting reaction with the 
velocity ki leads to the activated molecules or nuclei A, The indices to A 
would indicate the number of primary molecules in the nucleus. In case 
A I it consists of a single styrene molecule, A 2 consists of two and so on. 
The growth reaction k2 leads from one nucleus to the next above and is 
indicated in the scheme by the velocity constant k2, while the rupture 
reaction, which leads from the activated particles A to the corresponding 
stable polymerization products P, is measured by fcs. 

If now, we assume for the sake of simplification, that /c2 and kz are 
independent of chain length, which is certainly not true exactly but might 
be a suitable approximation in many cases, it is evident that, for a given 
concentration of A^ a definite fraction of them, namely aA^ increases to 
An + I, whereas the remainder (1 — a) An is stabilized to Pn by the rupture 
reaction. The concentration of u 4 n is, therefore, given by 

lAn] = (117) 

From this we obtain, according to G. V. Schulz,®^ to whom we are 
indebted for very informative work in this field, the distribution curve 
of the degree of polymerization in polymers for the case of a differential 
reaction. 

We shall now introduce definite assumptions for the individual steps 
of the above scheme. The starting reaction shall be of the first, second 
or third order. 


dc* 

+ — = knc. , 
at 

dc* 

+ — = knc^ , 
at 

+ -J7 “ fcuc* . 
at 


first order 
second order 
third order 


c* measures the concentration of the A, c that of the M molecules; fcn, kn 
and kiz are designated as starting reaction constants by the first index, 
while the second indicates the order of the process. 

« G. V. Schulz, Z, physik. Chern,, (B) 30, 379 (1935). 
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For the growth reaction we may use with fair accuracy the simple 
expression 


dc 

dt 


k22cc*; 


it states that a step of growth may ensue by the collision of an activated 
molecule with a monomer and that the concentration of the monomer de- 
creases proportionally to the number of these collisions. In the first 
stage, monomer c is used up and nuclei c* are formed, in the second stage 
further monomers are used but the concentration of the nuclei remains 
unaltered because they are regenerated during the reaction. 

Finally, in the rupture reaction, during which nuclei are used up, we 
shall assume first and second order for the nuclei and add that a nucleus 
may also be deactivated by a collision with a monomeric molecule. We 
arrive at the following possibilities 


dt 


kz2C*^ 


dt 


ksiic*c 


If the possibility exists for first and second order rupture, the former 
may predominate at low concentrations and the latter at higher. 

Frequently, the rate of the growth reaction is high compared with the 
two other component reactions; this is essential for obtaining true high 
polymeric products. Then this reaction alone is determinative for the 
consumption of the monomer and the rate of the empirical reaction which 
can be followed experimentally is 

dc 

— ~ ~ A;22CC*. (118) 


If this equation is to be compared with the experimental data, we must 
try to express c* as a function of c. It should be observed that, in ac- 
cordance with our assumptions, activated molecules A are produced only 
by the starting reaction and destroyed by the rupture reaction. Under 
the influence of this supply and of this exhaustion of A, a stationary con- 
centration c* will set in after a short induction period. For the different 
possibilities discussed earlier, the result of this calculation is given in 
Table 91. It is clear that many expressions are possible for the stationary 
concentration of the activated molecules A and that it is not at all easy 
to decide on one of these expressions by experiment. 
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If this has been done, however, the empirical rate of reaction is obtained 
directly by inserting c* in (118). With the different c* values from 
Table 91, we obtain the — dcldi values tabulated in Table 92. It is 
evident from this table that three different possible explanations are 


TABLE 91 

Stationary Concentration of Activated Molecules 
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TABLE 92 

dc 

Empirical Rate of Reaction — r- 


1 

4 
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kiik2 , 
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kiih 

hii 

2 

5 

8 

kuki 

(£)*- 

^'12 h _ 

kn ‘ 



foil 

3 

6 

9 


(s)-' 

hi h . 

hi 



available, for example, for an empirical reaction recognized experimentally 
as bimolecular; namely 1, 5 and 8. 

In the quantitative treatment of polymerization reactions, we must, 
therefore, seek further quantities accessible experimentally which may give 
us additional information concerning the process; the average degree of 
polymerization of .the resulting product is one of these. Its kinetic evalu- 
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ation is due mainly to Siiss, Pilch and Rudorfer,^^ H. W. Melville^® and 
G. V. Schulz.36 

It was found that this value is dependent upon solvent, temperature 
and initial concentration of the monomer. For sufficiently small con- 
versions, when the change of concentration of the monomer may be 
neglected, the average degree of polymerization remains constant under 
otherwise equal conditions. There corresponds to each activated molecule, 
on an average, an equal number of aggregated monomeric basal molecules. 

The rate of the entire reaction is obviously obtained by multiplying 
the rate of activation by the average number of the monomers bound per 
chain, i.e. by the average degree of polymerization P 


dc _ p 
dt dt 


(119) 


P may be calculated herefrom. By doing this for the different cases dis- 
cussed above, we obtain the expressions contained in Table 93. 


TABLE 93 

Average Degree of Polymerization P 
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The three tables embody a certain classification of polymerization reac- 
tions similar to that of the much simpler division of ordinary gas reactions 
into mono-, bi- and tri-molecular. However, through the inevitable over- 
lapping of the three component reactions described, the conditions prove 
more complex and the systematization of polymerization reactions is 
less simple. 

H. Siiss, K. Pilch and H. Rudorfer, Z. physik. Chem.^ (A) 179 , 361 (1937). 

H. W. Melville, Trans. Faraday Soc., 32 , 315 (1935). 

G. V. Schulz and E. Husemann, Z. physik. Chem., (B) 35 , 184 (1937). 
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It would lead too far to give more detailed results here as to how to 
evaluate quantitatively the experimental data of a polymerization reaction, 
but it may be emphasized that further complications are introduced when 
branching reactions occur, so that in applying the above equations, care 
must be taken to ascertain that any branching reaction is excluded. 

It is planned to describe more completely our present knowledge of the 
mechanism of polyreactions in another volume of this series. At present 
the best comprehensive information on polymerization reactions can be 
found in the book on Polymerization, by Burk, Thompson, Weith and 
Williams.^^ 

A very important question is about the nature of the reactive nucleus 
or complex (denoted with A in the above scheme), which propagates the 
reaction. It seems that it can vary very widely and that sometimes the 
intermediate products are best formulated as free radicals; e.g. 

CH2=CHX + CH2=CHX ->CH2— CHX—CHa— CHX— 

Much points in the direction that polymerization of styrene in the 
gaseous phase, the photopolymerization of acetylene^® and the photo- 
sensitized polymerization of methylmethacrylate^^ follows such a course, 
Highly reactive radicals, having a very short average lifetime, are produced 
by the starting reaction, grow rapidly into comparatively long chains and 
are then stabilized by a cessation reaction of a type not yet quite under- 
stood. The time which the chains require for their propagation is short. 
Melville and Schulz found 10“^ seconds as an upper limit. 

On the other hand, the normal polymerization of methylmethacrylate 
and methylacrylate follow another mechanism. H. W. Melville^ found 
that the lifetime of the intermediate products is very long and they are 
certainly very much more stable than a free organic radical of this size 
could possibly be. It is therefore probable that in these (and possibly in 
some other) cases the double bond of the original molecule is always 
reproduced at the end of the chain, thus leading to the following scheme: 

CHij=CHX + CH2=CHX -» CH,-CHX— CH=5 hX 

CHa— CHX— CH=CHX + CHa^CHX -> CHa-CHX-CHj— CHX-CH=6 hX 

and so on. 


R. E. Burk, H. E. Thompson, A. J. Weith and I. Williams, Polymerization, 
New York 1937. 

33 H. W. Melville, Trans. Faraday Soc., 32, 258 (1936) ; also S. C. Lind and Living- 
stone, J. Am. Chem. Soc., 64, 94 (1932). 

39 H. W. Melville, Proc. Roy. Soc. London, 163 A, 511 (1937). 

40 H. W. Melville, Proc. Roy. Soc., A176, 392 (1940). 
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The reactive double bond at the end of the chain may or may not be 
in excited state; it has, in any case, a certain inclination to add a new link 
to the chain, but does not react as quickly as a free radical would. 

This type of slow polymerization leads us to polycondensation processes 
in which the bifunctional molecules react with each other to effect the 
formation of long chains or large multi-dimensional networks. 

b) The Kinetics of Condensation Reactions 

High polymeric, particularly long chain, products, can be produced, as 
is known, by condensation reactions in course of which the macromolecule 
is gradually formed during the reaction of two molecules with the elimina- 
tion of a third. Carothers^^ in his systematic treatment of polyreactions 
has called such processes C-polymerization. An example is the formation 
of glyptals from glycol and succinic acid according to the equation: 

HOOC-CHa-CHa COOH + HOCHa-CHaOH -> 

HOOC-CHa-CHa-COO-CHa-CHa-OH + HaO 

HOOC-CHa CHa-COOCHa-CHa OH -f HOOC-CHa-CHa COOH 

HOOC-CHa-CHa-COOCHaCHaOOCCHaCHa-COOH + HaO 

etc. 

Similar poly-condensation reactions can be carried out also with oxy- 
acids, amines and acids, urea or phenol and formaldehyde, etc. ; they yield 
in part chain and in part reticulate products, which have been discussed, 
particularly by W. H. Carothers and his collaborators.^^ A more detailed 
description of such products will be given in another volume of this series 
(comp, also vol. I). The mechanism of such processes will likewise be dis- 
cussed more extensively in another volume. 

The task now presents itself to describe briefly previous endeavors in 
kinetic research into the course of such condensation reactions investi- 
gated in recent years, particularly by P. J. Flory,^^ by jj. Kienle,^^ and 
by H. Mark and his co-workers. In contrast to the polymerization reac- 
tions discussed earlier, here the separate condensation stages are more or 
less equivalent to one another and do not lead to the formation of partic- 
ularly highly activated unstable and reactive products. It is not a question 
of differentiating between a nucleus-formation reaction of slow velocity 

W. H. Carothers, Collected Papers ^ New York 1940. 

« P. J. Flory, /. Am. Chem. Soc., 68, 1877 (1936). 

R. H. Kienle, J. Soc. Chem. Ind., 66 , 229T (1936); Trans. Faraday Soc.j 32 , 64 
(1936); Am. Chem. Soc., 62 , 3643 (1930). 

H. Mark and H. Dostal, e.g. Z. physik. Chem., (B) 29 , 299 (1935); E. Marecek, 
Z. physik. Chem., (B) 32 , 117 (1936). 
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and a related growth reaction of greater velocity; growth is completed in 
similar successive stages, induced by the fact that reactive groups are 
always regenerated at the end of the chain molecules. We have before 
us a step, not a chain, reaction. If we assume that the rate of the esterifi- 
cation or other condensation process building up the chain is independent 
of the length of chain attained at any moment, which certainly does not 
hold exactly, we arrive at the following results. 

The probability Wn that any basal molecule will constitute a member 
of a chain of n links is given by^® 

Wn = (1 ( 120 ) 

In this p denotes the extent of the reaction. If A^o is the number of the 
reactive alcohol or acid groups^® originally present and N the number still 
remaining free at time p is defined by the equation 

No- N 
^ No ^ 

p therefore indicates the relative number of reactive groups already used 
up in the condensation. Now, it is clear that the number of chains of 
length n must be proportional to the probability that a primary molecule 
will be met with in such a chain. 

„ AToP-HI - p)^ 
n 

Provided that no small molecules (H 2 O etc.) are split off during the 
condensation, the molecular weight of the resulting chain is then exactly 
proportional to the number of chain links and Wn indicates the relative 
weight of the n-mer fraction. If water is eliminated, this relation is 
vitiated in the very low members (/i = 2, 3 and 4) but to a less extent in 
the higher, so that it is a sufficiently close approximation to put Wn 
proportional to the weight of the n-mer fraction in all cases of longer chains. 

Wn is then nothing but the total number of primary molecules present 
in n-mer chains divided by the total number Wo of the monomeric com- 
ponents initially present. 

These weight fractions for different degrees of reaction p are represented 
in the curves of Figs. 96 and 97 ; the first represents a reaction which has 
not yet proceeded very far, p = 0.5-0.9, Fig. 97 the case in which the 

See particularly P. Jf. Flory, loc. cit.; compare also P. J. Flory, /. Am, Chem, 
Soc.y 62 , 1064 ( 1940 ). 

We assume for the sake of simplicity that the two reacting substances are ini- 
tially present in equivalent quantities. 
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primary substance is practically exhausted. The abscissa scale is naturally 
dififerent in the two figures. The curves demonstrate that a certain 
polymer, judged by the weight fraction, occurs very frequently (maximum 
of the function Wn) and that this maximum is displaced with progressive 
reaction towards greater chain length and always tends to flatten out. 

0,20 
0,16 
0,11 
0,09 
0,04 
0.00 

i 

Fig. 96. Weight fractions Wn for different degrees of polycondensation n at reac- 
tion range p of 0.5 to 0.9. 

0,040 

o,m 

0,016 

0,009 
0.000 

Fig. 97. Weight fractions Wn for different degrees of polymerization n at reaction 
range p of 0.9 to 0.99 (different abscissa scale). 

Mathematically, the most probable weight fraction is obtained by 
differentiating and equating the differential quotient to zero ; it is 
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Thus, as long as p < 0.5, the monomer always predominates on a 
weight basis (definition of p), while later, the primary substance aggre- 
gated in the higher polymers must inevitably far exceed the monomer 
by weight. 

Numerically, however, the monomer is always preferred on account of 
its small molecular weight. At any time during the reaction, there are 
never more of any given species of chains than there are monomeric 
molecules. This is readily seen by calculating the mol fraction. If Pn 
is the mol fraction of the n-mers, it is obviously obtained according to 
the equation 

Pn^ ~ ^ P^-Hl - P). 

JSo 


This function is represented in Figures 97 and 98 for different p values. 
It has no maximum but assumes its greatest value at n = 1. 

It may be justifiable to point out in this connection that, in a mixture of 
polymeric homologs, different definitions of the molecular weight are pos- 
sible which must be sharply differentiated if we are not to arrive at false 
conclusions in evaluating experimental results. Kraemer and Lansing, 
Dostal and Mark^^ and J. P. Flory^® have called attention to this fact and 
drawn different conclusions from it. One has to distinguish between the 
following average values of the molecular weight M: 


Mn 


XM^Ni 

XNi 


M„ 


XM,Ni 


Ms 


XM,^Ni ’ 


Mn is the molecular weight averaged over the number of particles) it is 
obtained, for example, by osmotic determinations or by the use of any 
chemical terminal group method. 

Mto is the molecular weight averaged over the particle weirhts) it is 
obtained by the Staudinger viscosity method and also by evaluating 
measurements with the ultracentrifuge. 

Ms is a third average value which results by evaluating sedimentation 
equilibrium data with the ultracentrifuge. 

It is clear that, in comparing molecular weights which have been ascer- 
tained by different methods, these differences must be distinguished if 

E. O. Kraemer and W. Lansing, /. Am, Chem, Soc.^ 67, l?f64 (1935). 

^8 H. Dostal and H. Mark, Trans. Faraday <Soc., S2, 54 (1935). 

« J. P. Flory, J. Am. Chem. Soc., 68, 1877 (1936). 
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erroneous results are to be avoided. For the case of the polycondensation 
reactions considered here, the different molecular weights have been cal- 
culated by Flory as a function of p. 



Fig. 98. Mol fraction P„ for different degrees of polymerization n in the reaction 

range 0.5 to 0.95. 



If p == 0.9 (which means that 90% of the reactive groups are already 
consumed) one gets 
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Mo being the molecular weight of the elementary unit; in the case of 
cellulose, it would be that of the glucose residue. 

If p is very near unity, the following simple and important relation 
is valid 


Mn : : M, = 1 : 2 : 3. (121) 

It may be emphasized that, in employing the Staudinger viscosity 
method and, particularly, in comparing it with osmotic methods, the above 
line of thought must be borne in mind although this is not always suffi- 
ciently done. 

If the two interacting monomeric primary molecules are not present in 
equivalent amounts, the conditions are more complicated but remain in 
principle within the scope of the present discussion. It would lead too 
far to examine these more complex conditions further and it will suffice to 
cite the literature,®^ especially Flory’s work mentioned previously.®^ 

c) The Degradation of Long Chain Molecules 

During the technical handling of natural high polymers such as cellulose, 
rubber, etc. a chemical or mechanical degradation of long chains is often 
effected partly by design and partly as an unavoidable evil; synthetic high 
polymers, e.g. polystyrene and polyacrylic esters, may be split up by heat 
fairly readily into low molecular components and, ultimately, into monom- 
ers. Accordingly, it appears convenient to indicate the principal con- 
siderations that have been advanced regarding the mechanism of the 
breakdown of long chains. We may point first to a research by R. 0. 
Herzog and 0. Kratky®^ and to a work of N. Meer®® in which the present 
problem was formulated and attacked theoretically and experimentally. 
The degradation of cellulose, however, was first treated quantitatively by 
K. Freudenberg®^ and W. Kuhn;®® the latter in particular derived formulas 
which are important in any degradation reaction of high polymer chain 

W. D. Lansing and E. O. Kraemer, J. Am. chem. Soc.^ 57, 1369 (1935); J, 
Phys. Chem., 39, 153 (1935) ; R. Signer and H. Gross, Helv., 17, 335 (1934), see also 
loidZ., 70,24 (1935). 

Compare also P. J. Flory, J. Am. Chem. Soc., 62, 1561 (1940); H. Hibbert and 
S. Z. Perry, Can. J. Research, 8, 102 (1933). 

O. Kratky, Naturwiss., 18 , 732 (1930). 

N. Meer, see Handb. d. Biochemie. Erg.-Bd. 1930, p. 53. 

K. Freudenberg, e.g. Ann., 460 , 288 (1928); Ber., 63 , 1510 (1930). 

W. Kuhn, Ber., 63 , 1503 (1930); compare also H. Mark and R. Simha, Trans. 
Faraday Soc., 36 , 611 (1940); W. H. Durfee and Z. T. Kertesz, J. Am. Chem. Soc., 
62 , 1196 (1940). 
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molecules. We shall, therefore, describe his reasoning in close relation 
to the paper cited above.®® 

If a chain of n + 1 links is the basis of the initial material, the number 
of the linkages originally present is n, which is assumed in the following 
discussion to be infinitely great. If s of these n linkages are split by any 
cause, the modified product may be denoted by the degree of cleavage. 

a == s/n 

If all the bonds are identical, the probability that any one of them, for 
example, the will be split up is given by 

— oc 

and accordingly the probability that it has not been split up by 

n — s 

Wk* = - 1 - a. 

n 

We shall now calculate the probability that the portion between the 
(r 4* 1)^^ and the (r + term has been split off the original chain as a 
coherent i-membered fragment. For this, it is obviously essential that 
the bond be dissolved, the successive i bond exempted and the (r + 
again dissolved. This probability is indicated, as suggested above, by the 
product of the previously calculated probabilities TF^and Wk' and is equal, 
therefore, to 

Wi = (1 - 

If r varies according to the series 

0, 1, 2 n — i 

then we obtain all the possibilities for the formation of fragments with 
i chain members. The number of f-fragments is, accordingly, equal to 
the sum of these probabilities; i.e., since n has been assumed to be very 
great, it is equal to 


n»Wi = ri'a^ (1— a)‘ ^ ^ Zi, 

Consequently, the number of elementary units which are found associated 
in {-numbered fragments is given by 

{•Zi = 


See also H. Mark, Physik and Chemie der Zellulose, Berlin 1932, pp. 293 et seq. 
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or the maximum possible yield of i-numbered fragments, (i.e. if the whole 
chain had been cut up carefully into exactly equal parts), is 

sa * c= 

n 

Now there is the further condition that the sum of all 1, 2, 3 etc. numbered 
fragments times their numerical index must be equal to the number of 
units present in the beginning, a requirement which may be confirmed 
easily by a short calculation. 

In the course of the degradation, the large fragments are first pre- 
ponderant, to be followed gradually by the appearance of smaller ones. 
The numbet of the fragments which contain e.g. 5 or 6 single molecules 
will increase initially but later, with progressive degradation, will decline 
and finally become zero towards the end of the reaction. The number of 
the i-membered chains present in the mixture must, therefore, pass through 
a maximum; the degree of degradation at which this maximum is reached 
is given from the above formulas by 

2 

«max =* T-r-; . 

^ + 1 

The optimum yield of i-membered fragments which can be obtained 
is calculated from 



Table 94 records data calculated by the aid of the above equations for 
the optimum degree of cleavage for a few i values and the anticipated 
yields. If, for example, in the hydrolytic degradation of cellulose, cello- 
triose fragments are to be obtained in maximum yield, the degradation 
must be continued to a 50% conversion, when a yield of about 18.7% 
may be expected; the total quantity of cellotriose molecules resulting dur- 
ing the entire degradation amounts to 50%. 

An essential condition is the complete identity of all bonds capable of 
decomposition and the infinite length of the original chains. 

As long as interest is concentrated on the relative amount of degradation 
products with short chains, the assumption of an infinite length of the 
initial chain does not appreciably falsify the results. In fact, it is easy 
to conceive that at such an advanced stage of a degradation^process as was 
stated in the investigations described above, the influence of the original 
chain length has already disappeared. Whether e.g. one produces ceUo- 
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biose and glucose from original chains with 500 or 1000 links will not 
make any great difference. 

It is a very different situation when information is wanted concerning 
the distribution curve of high molecular weight compounds. If we inter- 
rupt the degradation process in an early stage so that really high molecular 
weight substances are still present in the reaction mixture, then, of course, 
the length of the original chain would be very influential on the distribution 
of the resulting products. Experiments in this direction have been car- 
ried out during the last few years by E. Broda, F. Breuer and H, Mark.®”^ 
Recently R. Simha has worked out a preliminary formula which permits 
evaluation of these measurements and includes the influence of the original 
chain length.®’ 

As mentioned above, the calculation of Kuhn was carried out on the 
assumption that the probability of breaking any link in the original chain 

TABLE 94 


Optimum Degree of Degradation (a), Maximum Yields M and Total Quantity 
(M) Formed for a Few Fragments of Length ( i ) 


t 

a 

V> 

M 

2 

f 

0.248 

0.667 

3 

i 

0.187 

0.500 

4 

f 

0.138 

0.400 

5 

i 

0.110 

0.333 

6 


0.091 

0.286 

7 

i 

0.078 

0.250 

10 

A 

0.064 

0.182 


of infinite length is the same throughout the whole reaction. All individual 
elementary processes by which the probabilities of different events are 
calculated are taken as independent of one another. If products of prob- 
ability have to be figured out, absolute probabilities are always applied 
instead of relative ones. 

To improve this procedure at least to a first approximation Simha 
reasons as follows: 

One has to calculate the probability that in a chain having originally 
n links one single link is broken, the next s remaining intact, and then 
again one single link is opened. In such a way one cuts out, of course, a 
chain of s links from the original molecule having n links. 

Mark and R. Simha, Trans. Faraday Soc., 36 , 611, (1940). cf. also E. W. 
Montroll and R. Simha; J. Chem. Phys, 8, 721 (1940). 
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If we denote the total number of links which have been opened by r, we 
can again define the degree of splitting by 

a = - 
n 

While the Kuhn and Flory calculation holds for high degrees of decom- 
position, where r is of the same order of magnitude as the Simha formula 
aims at describing the conditions if a is a very small number. 

The probability of cutting one individual link of the original n-membered 
chain if r is the total number of opened links is, apparently, equal to 

?• 

. a == - 

n 

The probability of the second step, namely that the next link should be 
left unattacked, apparently, is 


n — r 
n — 1 

This results in the fact that, now, only (n — 1) links are available for the 
splitting, whereas at the beginning n were present. Naturally, if n is 
infinitely large, we can replace (n — 1) by n. In the present case, however, 
we shall not do this. 

Continuing in this way we get the probability that the next and the 
following links shall remain intact, as 

n — r — 1 n — r — 2 

— — _ and so on. 

n - 2 n - 3 

Finally, the last step of the excision of a short chain from a long one, 
namely, that at the end of a chain with s links one bond is opened again, 
will be represented by 

r -■ 1 

n — 5 — 1 ’ 


In this way we get, for the probability which we wish to find, the expression 


— r n ~ r — \ 

n ■“ r ~ s + 1^ 

r — 1 

(M 

1 

1 

n — s j 

n — s — 1 


( 122 ) 


In this equation n denotes the total number of links in the original chains, 
r the number of links which have been opened, on the average, and s the 
length of the chains which have been produced by the degradation process. 
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To find all possible chains with s links we have, apparently, to multiply 
the expression (122) by the factor (n— s). This means only that, in cutting 
out s-membered chains, we have to start at any bond of the original 
molecule which gives us the possibility of having an s-membered chain left. 

This leads, for the total probability of chains with s links, to the relation 

IT, = (n — s)w8 

For comparison with experimental fractionation results, we have to find 
the total number of monomeric molecules which are contained in chains 
of a definite length. This number, as a function of the chain length, 
would give us the distribution curve of the molecular weight fractions, 
as defined on page 323. As a chain of s links contains (s + 1) monomeric 
molecules, the total number of fundamental molecules embodied in chains 
with s links would be 

z. - - .) - .x. + d. (mi 

This equation evidently allows us to calculate the distribution curve of the 
molecular weight fractions at any given degree of decomposition r if the 
length n of the original chains is known. Putting 

w > 5 
n — r ^ s 
r > 1 
s = i — 1 

we again neglect the influence of the original chain length and return to 
the formula of Kuhn. 

Equation (123) was compared with the results of the above mentioned 
fractionation experiments which have been carried out by a mild acetolysis 
of cellulose acetate. The first proviso is, apparently, to start with a 
material which consists, at least to a certain extent, of molecules of the 
same length. For this purpose, a technical preparation of cellulose acetate 
corresponding to an acetylation degree of about 2.5 was fractionated 
according to the process worked out by W. Kumichel,®® H. J. Rocha, 
F. Ohl,«o R. 0. Herzog, W. Herz,®^ R. Obogi,®^ S. D. Douglps,®^ S. Uo- 

58 W. Kumichel, Kolloid Beihefte, 26 , 161 (1929). 

59 H. J. Rocha, Kolloid Beihefte^ 30, 230 (1930). 

80 F. Ohl, Kunstseide, 12 , 468 (1930). 

8^ R. O. Herzog and A. Deripasco, Cellulosechem.f 13, 25 (1932). 

82 W. Herz, Cellulosechem.f 16, 95 (1934). 

85 R, Obogi and E. Broda, Kolloid 2^., 69 , 172 (1934). 

84 S. D. Douglas and W. N. Stoops, Ind. Eng. Chem.^ 28, 1152 (1936). 
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gowin,®^ H. Lachs,®® E. W. Mardless®^ and recently applied practically 
by W. Schieber.®® 

The average chain length of the original material was estimated by 
viscosity measurements in dilute solution (0.01%). To get an idea of the 
homogeneity of this starting material, a fractionation curve was worked 
out for it. A fairly homogeneous product was obtained, 82% of which 
showed an average polymerization degree of 340 only 7% was below and 
12% above. If one calculates from the distribution curve the average 
degree of polymerization, he gets 345, which corresponds sufficiently 
with the directly measured values of 350. 

This material was depolymerized under mild conditions with the aid of 
acetic acid. After certain times, fractions were removed from the reaction 
vessel, stabilized, washed, and analyzed. 

Four degradation products at different stages of the decomposition 
process were secured. The corresponding average degrees of polymeriza- 
tion were 158, 100, 54, and 31, all estimated by the aid of the Staudinger 
equation from directly measured viscosities. 

These four samples were then fractionated, the viscosity of the resulting 
fractions determined, and the results compared with the equation (123). 
The agreement®® may be considered satisfactory if one takes into account 
that the experiments had only a very limited degree of accuracy and that 
the formula still contains certain approximations. 

The equations of Kuhn and Simha give the distribution functions of 
the degradation products for a certain degree of cleavage but they do not 
permit calculation of the degree of degradation as a function of time. 

To follow the temporal course of a degradation reaction of the above 
type, Kuhn has developed several expressions, which may be considered 
as first approximations to solution of this problem.*^® 

a) All linkages are split up independently of one another and have the 
same reaction constant k. 

Then at unit time, 

dn' =» 

linkages are dissolved if 

n' =® (1 — a)n 

R. Neumann, R. Obogi and S. Rogowin, Cellulosechem.j 17, 87 (1936). 

66 H. Lachs, I. Kronman and I. Wajs, Kolloid Z., 79 , 91 (1937); 84 , 199 (1938); 87 , 
195 (1939). 

67 E. W. J. Mardles, Kolloid Z., 49 , 4 (1939). 

68 W. Schieber, Papierfahr.j 37 , 245 (1937). 

66 H. Mark and R. Simha, Trans. Faraday Soc.j 36, 611 (1940). 

70 W. Kuhn, Ber., 63, 1503 (1930). 
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For the kinetics of the degradation, it follows that 

a = l — e"'* 


therefore 


1 — a = 


and 


dcx = ki»e~^dt. 


b) All linkages react independently and similarly with fci; only the 
binary groups (bioses or, better, disaccharides) split according to a different 
(greater) constant /c2. Here, integration of the reaction equation for the 
number of binary groups n" as function of the time is given by: 


i n«/si 


" ^ 

3A;i - 


h 


2ki — k% 


{2ki — k^ (3A;i — k<^ 


t 


For the degree of degradation a there is also obtained a somewhat 
complex expression composed of factors ki and h2 together with powers 
of e having fci and in the exponent. 

Kuhn has worked out a few more cases in which, for example, the 
binary group splits with a definite speed but an explicit account of the 
mathematical procedure would be out of place here. 

It is planned to describe more extensively the mechanism of degradation 
reactions in another volume of this series and it is hoped that it will be 
possible to give then more details on the current work of Flory and Simha. 

Finally it may be pointed out that the degradation and disaggregation 
of synthetic high polymers has permitted interesting conclusions on bio- 
logical systems. F. F. Nord^ has used organic high polymers as model 
substances during his investigations of freezing colloids and has succeeded 
in establishing general rules of the behavior of homopolar colloids in non- 
polar and polar liquids. The numerous links which combine high poly- 
meric systems with biological substances will be discussed more intensively 
in one of the next volumes of this series. 


1 F. ¥. Nord and collaborators: Erg. Enzymforschg., 2 , 23 (1933); Nature, 136 , 1001 
(1935); Biochem. Z., 296 , 226 (1938); Ber., 71 , 1217 (1938); Biodynamica, 3 , No. 57 
(1940) etc., etc. Compare also H. B. Bull: Z. physik. Chem., (A) 161 , 192 (1932). 
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